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Abstract 
By using thermal low pressure chemical vapour deposition method 
(LPCVD)， a series of boron films were deposited at substrate 
temperatures T between 300 and 800°C. Three series of boron-silicon 
s 
films (B Si ) were deposited at T =300, 460 and 620°C and at 
丄—X X s 
different gas phase ratio [B^HgJ/fSiH^] in order to study the influence 
of T^ and the effect of silicon incorporation into boron. From the 
results of energy dispersive x-ray spectroscopy (EDX) and film density 
measurement, silicon concentration . of 460 and 620°C B, Si films 
Si 1-x X 
was found to range from 8 to 91at.%. 
X-ray experiment shows that all our boron films are"amorphous and 
are constructed by B^^ icosahedron skeleton close to that of 
a-rhombohedral boron. When C^^ is increased, the film structure tends 
towards that of SiB^ at first and then approaches to that of a-Si. 
Sample deposited at 620°C with x = 0.91 is poly-crystalline • IR 
experiment shows B^^ icosahedra exist in boron films. Samples deposited 
at low T contain more hydrogen. For B Si films, hydrogen content 
b 丄-X X 
can be reduced by both raising T and by increasing silicon 
concentration. All amorphous B Si films have an absorption band 
丄-X X 
attributed to the icosahedral clusters modulated by silicon atoms. 
Observation of surface morphology indicates that 800°C boron films tend 
to form heaps and the surface is rough. The film surface is smoothened 
by lowering T^. When silicon concentration is increased, film surface 
of 460°C samples is smoothened, while for 620°C samples, surface 
becomes rough again at high silicon concentration due to 
crystallization. The Vickers hardness number (VHN) of the films 
increases from about 1200 to 3600 Kgf min"^ when T increases from 300 
to 620°C concomitant with decreasing hydrogen content. The 
I 
incorporation of silicon into boron softens the films. 
Optical absorption spectra of the samples are deconvoluted. 
Density of states, DOS, of boron films are supposed to come from 
extended states and exponential tail states, When T^ increases from 300 
to 800°C, optical gap E decreases from about 1.3 to 0. 8eV and the 
s 
width of the tail states decreases. For 300°C B^ Si films, E 
1-x X g 
decreases monotonically with increasing silicon content. For 460 and 
620°C B- Si films, when silicon content is increased, E decreases at 
1-x X g 
first and reaches a minimum of about 0. 8eV, and then increases again to 
about leV. Optical absorption at lower hi/ region is enhanced with 
increasing x indicating that additional sub-gap states are introduced. 
Thermoelectric power and electrical conductivity o measurements 
show that hopping conduction of hole dominates in our samples. 
Comparing E obtained from optical absorption experiment with the 
O 
activation energy E of a, it is concluded that the Fermi level is 
Si. 
shifted towards valence mobility edge monotonically with increasing 
silicon content in B- Si films. From electron spin resonance (ESR) 
丄—X X 
measurement, g-value of boron film is found to be 2.003 and the signals 
most probably originate from trapped holes. When T is decreased 
s ‘ 
broadening of linewidth from incorporated hydrogen is reduced. 
For higher T^ boron f i l m s , i s narrowed with increasing measuring 
temperature. This can be explained by mechanism of motional narrowing. 
For B i x S i x films, g-value increases with increasing silicon 
concentration and the signal is attributed to trapped holes. When 
silicon content is increased, spin density N drops at high measurement 
s 
temperature range concomitant with the broadening of AH This 
P-P' 
tendency is enhanced with increasing silicon content and is expected to 
come from the mechanism of spin-lattice relaxation. 
I I 
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Chapter 1 Introduction 
Boron has distinctive properties with both fundamental and 
application interests. 
The structure of boron is based on strong three-center 
two-electron bonds, which lead to excellent mechanical properties and 
very high melting point. A direct application of boron is used it as a 
hard and refractory structural material. Actually, a number of borides 
have been used to make propective armor (Matkovich 1977) . Boron thin 
films have also been studied for use as hard coatings (Raveh et al. 
1979) . Furthermore, due to the small atomic mass of boron, it has been 
considered to be useful as material for protective coating of toroidal 
fusion devices (Toyoda et al. 1987). 
Based on three-center two-electron bonds, boron atoms tend to form 
icosahedral clusters. A number of allotropes, such as a-rhombohedral 
(a-R) and /3-rhomb ohedral (J3-R) boron, are formed by different 
icosahedron skeletons (see Chapter 5) . Due to these complex lattice 
structrures, it is believed that the influence of long-range order on 
the formation of electron states is reduced. As a result, intrinsic 
localized states are introduced (Golikova 1987). In principle, it is 
expected that different allotropes have different band structures. 
However, the knowledge of electrical properties of crystalline boron is 
limited to p-R boron because /3-R boron is the only polymorph that can 
"be obtained from melt and that can be prepared in suitable size for 
electrical investigation (Prudenziati 1977).广_R boron is an elementary 
semiconductor, but the band structure has not been well determined. 
According to optical absorption experiment (Jaumann and Werheit 1969, 
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Werheit 1970, Werheit and Leis 1970), a band model with an optical gap 
of 1.56eV is suggested and there are a band of electron traps and a 
band of hole traps lying inside the gap. On the other hand, according 
to electrical measurement, another band model has been established 
(Golikova 1987，Golikova et al. 1974), in which the optical gap is 
equal to 1.4eV, and there is a band of localized states positioned with 
its center at 0.5eV above the edge of the valence band. Therefore, one 
can see that the band structure problem is still controversial. 
Similarly, the transport mechanism of crystalline boron has not been 
fully understood and further investigation is neccessary. 
For amorphous boron, the structure has not been determined yet, 
except the belief that boron icosahedra exist within amorphous boron 
independent of the preparation methods (Kobayashi et al. 1988, Galasso 
et al. 1967, Linquist et al. 1968, Otte and Lipsitt 1965). Although 
Kobayashi compared the radial distribution function (RDF) of amorphous 
boron prepared by chemical vapour deposition method (CVD) with those of 
crystalline boron and suggested that the structrure of the samples is 
closer to that of jS-R boron, it seems that further studies are still 
needed to justify this conclusion. Results of optical absorption of 
amorphous boron have been reported by several authors (Tsai 1979, 
Bagley et al. 1980，Dimmey et al. 1981, Ong et al. 1991). It has been 
shown that the optical gap of amorphous boron films prepared by glow 
discharge method (Dimmey et al. 1981) and thermal low pressure chemical 
vapour deposition method (LPCVD) (Bagley et al. 1980) can both be 
changed by varying the substrate temperature during deposition so as to 
vary the hydrogen content of the films. According to such results, 
Dimmey et al. claimed that amorphous boron films has potential for use 
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in photovoltaic conversion devices. However, investigation of optical 
gap alone cannot reflect the whole electron state distribution within 
the forbidden gap which perhaps is more significant to justify the 
possible application of the material in electronic devices. On the 
other hand, due to different deposition mechanisms, it is expected that 
the electronic structures of films prepared by glow discharge and 
thermal LPCVD method are different from each other. This can directly 
affect the electrical properties of the films. Therefore, careful 
analysis and comparision of subtle features of absorption spectra are 
neccessary. Furthermore, the transport mechanism of amorphous boron is 
still controversial and strongly depends on the preparation process of 
samples. Therefore, more experiments should be done in order to get 
further understanding of transport properties of amorphous boron. 
The structure of boron is very open such that it can combine with 
a large amount of elements. The properties of the solid can be changed 
very much when different kinds and amounts of other elements are 
incorporated into boron. For example, an optical gap as high as 
5.6-5.8eV can be achieved for boron nitride films (Yuzuriha and Hess 
1986). The structure and microhardness of boron nitride coating have 
also been studied (Chopra et al. 1985). Furthermore, boron carbide and 
boron phosphide have also attracted considerable attention (Jansson and 
Carlsson 1985, Yugo and Kimura 1980). Boron is a well known p-type 
dopant for crystalline silicon and is also widely used for the doping 
of amorphous silicon films. Recently, it is found that by using thermal 
LPCVD method, amorphous silicon-boron alloy films with boron 
concentration up to about 40at.% can be achieved. This value is far 
higher than the solid solubility of boron in crystalline silicon 
3 
(Chik,K.P., et al. 1985). Further investigation shows that a 
boron-related impurity band of localized states is found above the 
valence mobility edge (Chik et al. 1988) . The physical origin of this 
impurity band is not clear yet. Since the boron concentration of these 
films is high, it is possible that the bulk properties of boron are 
retained affecting the properties of the films. Hence it will be 
interesting to know how high the boron concentration in silicon-boron 
films will be before the bulk properties of boron becomes significant 
and how will this affect the properties of the films. 
In the present work, investigation on the properties of pure boron 
and boron-silicon alloy films prepared by thermal LPCVD method under 
various conditions will be reported. 
Boron films are deposited at various substrate temperatures (300 
to 800°C)’ while three series of boron-silicon films are deposited at 
300, 460 and 620°C with various reactant gas ratio [B^H^]/[SiHJ 
0 -3 
ranging from 1x10 to 5x10 . . 
The structural change of the samples as a function of substrate 
temperature and silicon concentration is studied by x-ray diffraction 
technique and infrared absorption experiment. The corresponding effect 
of the microhardness of the films is also studied. 
Measurement on the optical absorption spectra from visible to near 
infrared region will gain information! about the density of electron 
states via the deconvolution of the spectra. Correlation between 
results of structure analysis and the band structure is expected to be 
found. 
In addition, electrical conductivity, thermoelectric power and 
electron spin resonance of the samples are also measured in order to 
4 
study the transport mechanism in these samples. 
A comparision of our results with the related results of films 
prepared by glow discharge method is made in order to find whether the 
deposition method can affect the film properties. 
Although the work reported here is mainly concerned with the 
effect of silicon incorporation into boron, further studies can be 
easily extended to study the effect of incorporation of nitrogen, 
carbon and phosphorous using the same experimental facilities. 
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Chapter 2 Sample Preparation 
The purpose of this project is to study the properties of boron 
and boron-silicon films prepared at different substrate temperature T , 
s 
and to investigate the effect of Si incorporation into boron. In order 
to prepare samples with different T and Si concentrations, a low 
s 
pressure chemical vapour deposition system (LPCVD) was installed. 
Section A is a simple review of CVD techniques and its applications. In 
section B, the general features of our own CVD system will be described 
and the deposition conditions of our samples are summarized in section 
C. 
A. General Review of Chemical Vapour Deposition Technique: 
Chemical vapour deposition (CVD) is one of the most important 
techniques for thin film deposition. The general principle of CVD 
methods for thin film preparation is to admit reactant gas or mixture 
of reactant gases into a reactor, in which chemical reactions take 
place. The reactants are then decomposed and react with each other. 
Films are then deposited on surfaces of the substrates. 
Various of CVD systems based on different geometrical 
configurations and operation conditions have been developed. Some 
important examples are shown in Fig.2.1 (a) to (c). Fig.2.1 (a) shows a 
typical low pressure CVD system which is equipped with a vacuum system 
and operates at low pressure between 0.1 to 10 Torr. Systems which 
operates at about an atmospheric pressure are termed atmospheric 
pressure CVD (Fig.2.1 (b) and (c)). The substrate temperatures of the 
above systems must be higher than the decomposition temperatures of 
corresponding reactant gases. In order to、：Lower the substrate 
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temperature, various kinds of enhancement are added. One of the most 
important examples is the plasma of the enhanced CVD (PECVD) as shown 
in Fig. 2.1 (d) . In this system, plasma of the reactant gases is 
activated by a DC or RF power generator to produce reactive 
intermediate radicals. 
A variety of CVD systems has been used to prepare boron films in 
order to study the deposition mechanism as well as the film properties. 
The simplest system among them is the thermal CVD in which boron films 
are obtained by pyrolysis of diborane. In this system, the substrate 
temperature ranges from about 250 to 800°C (Ong et al. 1989a, Ong et 
al. 1989b, Bagley et al 1980, Hough 1979, Enrione and Schaeffer I960). 
Systems using hydrogen reduction of BCl^ at temperature higher than 
1000°C are also widely used (Kobayashi 1988, Carlsson 1979, 
Vandenbulcke and Vuillard 1979). Besides thermal CVD mentioned above, 
PECVD systems are used in a number of laboratories (Komatsu and 
Moriyoshi 1990, Komatsu and Moriyoshi 1989, Dimmey et al. 1981, Tsai 
1978). In this method, films can be deposited at lower substrate 
temperature while a large .amount of hydrogen is incorporated into the 
films at the same time. In the aspect of application, CVD is exploited 
for surface hardening of metals by means of diffusing boron into the 
materials at high temperatures (Raveh, Inspektor, Carmi and Avni 1983). 
Preparation of pyrolitic boron thermistors by reduction of BCl^ was 
also reported (Cirri, Fidanzati, Forlane and Prudenziati 1976). Besides 
pure boron films, both thermal and plasma enhanced CVD were used to 
prepare many kinds of boron-rich alloy films, for examples, BN films 
(Akiyoshi et al. 1987’ Yuzuriha et al 1986, Adams and Capio 1980), 
boron carbide films (Jansson and Carlsson 1985， Yuzuriha and Mlynko 
1985) and boron phosphide films (Wettling and Windscheif 1983, Yugo and 
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Kimura 1980). Furthermore, CVD is one of the most important methods to 
prepare intrinsic and doped a-Si films (Chik et al. 1988, Hirose, 
Taniguchi and Osaka 1977). Besides the conventional CVD techniques, 
some new methods, such as homogeneous CVD (Scott et al 1981) and light 
enhanced CVD (Mishima et al. 1983) were developed to prepare a-Si films 
at lower temperature. Actually, CVD has already become an important 
technique in electronic industries for a long time. Some of the 
important applications include epitaxial growth of semiconductors (e.g. 
Si, Ge, SiGe, SiC, GaAs, GaP, InP, InAs, GalnAs etc.) ； deposition of 
dielectric films (e.g. SiO^, Si^N^, TiO^, ZrO^ etc.) and deposition of 
metallic films (e.g. Al, Ag, Cu, Ni, Rh, Ta, W, V etc.) etc. (Vossen 
and Werner 1978, Sze 1985). Therefore, deposition apparatus suitable 
for mass production is available and the techniques are well suited to 
deposite films with large areas in scaled-up reactors. 
In this project, we exploit a modified thermal LPCVD system to 
prepare our samples. The reasons are discussed as follows. The most 
important advantage of low pressure system is that it is capable of 
producing films having uniform thickness and composition due to the 
rapid migration of reactants within the reactor. Therefore, it is 
excellent to prepare protective coatings with good conformal step 
coverage. Furthermore, smaller amount of reactant gases is needed in a 
low pressure system so that the hazardous residual gases can be more 
easily treated and exhausted without causing great hazard. Finally, 
without any additional equipment for enhancement, thermal CVD system is 
relatively simple and economical. 
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B. Our Deposition System 
B.l General Description 
The CVD system we used is depicted in Fig. 2.2. A diffusion pump 
(DP)，equipped with a rotary pump (RP2) , is installed in order to pump 
down the system to an ultimate pressure as low as 1x10 ^Torr for 
pre-cleaning before the deposition process. After the pre-cleaning 
process, the system is then connected to an explosion proof, helium 
tight rotary pump (RPl) (Leybold-Heraeus, Trivac B) which is used to 
pump the reactant gases continuously during deposition. 
The reactant gases that we use are 10% silane (SiH^) balanced in 
hydrogen, and 5% diborane (B^H^) balanced in argon supplied by Hong 
Kong Oxygen & Acetylene Company Ltd. Reactant gases are released from 
individual cylinder. The flow rate of each reactant gas is controlled 
by individual mass flow controller (supplied by Unit instruments Inc) 
via a five-channel- digital-read-out controller. The mass flow 
controller for 10% silane balanced in hydrogen (Ml) is calibrated such 
that the maximum set point corresponds to a gaseous flow of 200 seem 
(standard centimeter cube per minute) , and that for 5% diborane 
balanced in argon (M2) is calibrated to 20 seem. THE GAS PHASE RATIO OF 
DIBORANE AND SILANE [B^H^]/[SiH^] CAN BE ADJUSTED BETWEEN 5xl0'^ to 
5xloO to control the Si concentrations incorporated into boron. 
The gases coming out from the mass flow controllers are then mixed 
and admitted into a cylindrical quartz reactor (Q) with a diameter of 
about 2 inches. A capacitive pressure gauge PG (MKS Instruments, Inc, 
Type 222B Baratron) is placed just before the entrance of the quartz 
tube. The other end of the quartz tube is connected to a stainless 
steel chamber. The chamber .is connected to a 90。butterfly valve BV and 
then passes to the inlet of the vacuum pumps. The butterfly valve is 
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motivated by a motor of variable speeds and directions. An additional 
set of gears is carefully designed to achieve very low rotating speed 
such that THE PRESSURE OF THE SYSTEM CAN BE FINELY ADJUSTED BELOW 10 
TORR TO AN ACCURACY UP TO ImTORR. Substrates are placed inside a 
cylindrical graphite susceptor (S) positioned at about the middle of 
the quartz tube. To avoid direct contact between the hot surface of the 
susceptor and the inner wall of the quartz tube, the susceptor is 
supported by a few pieces of tiny alumina tubes. Two geometrical 
configurations of the graphite susceptor are used (see section B.3). 
During deposition, the susceptor is heated as well as the substrates by 
using a home-made induction heater (see section B.2). SUBSTRATE 
TEMPERATURES T^ CAN BE CONTROLLED BETWEEN ROOM TEMPERATURE AND 800°C. s 
The susceptor has another hole for insertion of a Chromel-Alumel 
thermocouple (T) for temperature measurement. Films are then deposited 
on hot surfaces by decomposition of the reactants. 
B.2 Induction Heater 
At first, we used six halogen lamps allocated around the quartz 
tube for heating. It is found that the inner wall of the tube is 
quickly contaminated by film deposition. This is mainly due to the low 
decomposition temperature of diborane. So the quartz tube must be 
washed very frequently. This problem is solved by replacing the quartz 
lamps with a modified version of a household induction cooker (Model 
SR-1301 made by Sunpentown Inc., Taiwan) (Ong 1989a). The basic 
principle is as follows. Fig.2.3 illustrates the basic circuit of 
induction cooker. A dc voltage is applied to an LC circuit (formed by 
the induction coil L^ and the capacitor C^) with resonance frequency 
around 20-50kHz. This LC circuit is turned on and off by fast switching 
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power transistors, which are in turn driven by an oscillator. Work 
piece is then placed inside L^ for coupling. Oscillating magnetic field 
can penetrate into graphite to a depth d according to the relation: 
d=5040/^7^ ( 
in units of cm), (2.1) 
where p is the resistivity of graphite (Qcm) , /i is the relative 
permeability (equal to 1 in most cases) and f is the frequency of the 
magnetic field (Hz). A large eddy current can be excited within the 
graphite susceptor producing heating effect. 
As shown in Fig. 2.4, a coil of about 70 turns of enameled copper 
wire (AWG 17) is wound tightly in one single layer around the quartz 
tube. The coil is made to replace the original induction coil of the 
cooker. The total length of the coil is about 7.5cm, which just covers 
the graphite rod. The whole coil is cooled by running water through a 
glass pipe (G). Great care must be exercised to eliminate air bubbles 
near the coil. Local heating can easily burn out the wire insulation. 
A temperature controller (with PID controls and current output, 
Model SR18, Shimadem Inc., Japan) was interfaced to control temperature 
automatically. The interfacing circuit is shown in Fig.2.5. Originally, 
the power output of the. cooker is adjusted by means of a 5-kQ 
potentiometer. Although the voltage drop across this potentiometer is 
only 4V, it is actually at a much higher voltage. We thus used a single 
optical output for the interface. The output of the temperature 
controller drives a LED which emits visible light with intensity 
proportional to the control current. The light is allowed to reach a 
CdS photoresistor R, changing its resistance accordingly. The power 
output of the heater depends on the potential at C (0-4V). Temperature 
at the susceptor is detected and compared with the set point. If it is 
higher than the set point, the output current of the temperature 
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controller is maintained at raimimun and the LED remains off, thus R has 
a high resistance (>20MQ) . The control voltage at C is thus 
approximately zero (relative to point A in Fig.2.5). In most cases, the 
output current (4-40niA) from the temperature controller varies 
according to the PID constants. As the current varies, the LED is 
lighted accordingly and the resistance of R drops to a value in a range 
between 200Q and 20MQ. Consequently, the potential at C can be adjusted 
for automatical control of the heater. 
The original induction cooker has a nonzero output power even when 
the potential at C is zero. This inhibits the heater to operate at low 
substrate temperatures. A simple solution is to use an autotransformer 
for varying the input voltage of the rectifier. The heater is now 
capable to obtain T^ ranging from room temperature to 900°C (with the 
reactor at high vavuum). The relation between graphite temperature and 
the power required to maintain it is shown in Fig.2.6. 
This method has the following advantages: 1. The quartz tube can 
be water-cooled such that contamination from the inner wall can be 
greatly suppressed. 2. Heating efficiency is very high. 3. Heating 
response is very high due to relatively small heat capacity of the 
system. 
B.3 Graphite Susceptor 
Two geometrical configurations are used for the substrate holder. 
Diborane decomposes very fast above 340°C, producing large 
concentration gradient of reactant gas along the axis of the quartz 
tube. In order to deposits boron films with good uniformity with T 
s 
above 340°C, the configuration shown in Fig.2.7 (a) must be used such 
that the substrates are held perpendicular to the gas stream. In this 
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configuration, a graphite nut is screwed onto one end of the graphite 
block to press the substrates against the flat surface of the block to 
ensure a good thermal contact. Reactant gases are sprayed onto 
substrates by passing through the opening in the nut. It was found that 
if the substrate surfaces are placed parallel to the gas stream during 
deposition, the as-deposited boron films peel off quickly, indicating 
that great stress exists within the films. With the substrate surfaces 
perpendicular to the gas stream, the boron films obtained have better 
adhesion and stability. To prepare boron-silicon films, silane is mixed 
with diborane. Due to the higher decomposition temperature of silane 
(above 500°C), radicals thus formed can travel a longer distance. The 
configuration of the graphite holder shown in Fig.2.7 (b) is employed. 
A rectangular hole is drilled in the graphite block. Substrates are 
placed in the hole with surfaces parallel to the gas flow. The entrance 
of the reactant gases is slightly inclined. The films thus obtained 
would have better composition uniformity. 
B.4 Safety 
All of the gases (except Ar) used in this experiment are hazardous 
and highly explosive. Generally, a quantity termed Threshold Limit 
Value (TLV) is used to represent the maximum gaseous concentration to 
which nearly all workers may be repeatly exposed, day after day, 
without adverse affects. This quantity is measured in ppm (part per 
million) unit. Diborane is a highly toxic gas with TLV=0.Ippm (Matheson 
Gas Prosducts) . Flammability limits in air range from 0.8 to 98.0% (by 
volume), and the autoignition temperature lies between 37.8 to 51.5°c 
which is slightly higher than room temperature. So diborane may retain 
with air at room temperature for several days. The hazard associated 
1 3 
with si lane stem from its spontaneous flammability in air. It is a 
highly explosive gas. Mixtures down to 1.0% silane in hydrogen and/or 
nitrogen have been found to ignite spontaneously. 
In order to perform the deposition process safely, we have the 
following arrangements. 
Ventilation and Exhaust System : 
Ventilation system was designed and installed in order to prevent 
accumulation of hazardous gases in case of leakage and ensure that the 
exhaust gases during deposition can be released safely. 
1. All our hazardous gas cylinders are placed inside a cabinet 
(supplied by Osaka Sanso Kogyo Ltd.) having 2.3mm thick stainless steel 
walls and with all necessary valves and piping properly installed by 
the supplier. 
2. The reactor, mass flow controllers and pumping system are 
installed inside another wooden cabinet. 
3. Exhaust fans are connected separately to the ventilation ports at 
the top of the two cabinets through thick wall iron ducts to ventilate 
the areas properly. The exhaust rates are about 500 and 200ft^/min 
respectively. 
4. The exhaust from the outlet port of the rotary pump is directed 
by a copper pipe (—linch) into the entrance of the ventilation duct at 
the top of the wooden cabinet. The connection is so designed that any 
particulate formed within the pipe cannot drop back into the pump. 
Nitrogen gas is injected at about 3-6 liters/min into the outlet port 
of RP2 to dilute exhausted reactant gases before they are released and 
ventilated. Nitrogen gas is supplied from a separate cylinder equipped 
with a needle valve to control the flow rate. 
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Design of Deposition Process : 
1. A helium leak detector is used to check the leakage of the system 
before each run of the deposition process. A special port of the 
pumping system is reserved for connection to the inlet port of the leak 
detector. This port is actually a quick connector, and can be 
conveniently disconnected after leak checking. 
2. Before the admission of reactant gases, the reactor is purged by 
ultrahigh purity N^ in order to evacuate residual air inside the 
chamber to prevent formation of particulates due to the oxidation of 
reactant gases. Purging is also necessary after the deposition process 
in order to evacuate the residual hazardous gases within the chamber. 
Maintenance � 
1. If the oil level of the rotary pump is too low during deposition, 
small explosion may occur within the exhaustion pipe. This happens 
because the concentration of explosive gases seems to increase suddenly 
somewhere within the exhaustion pipe and hydrogen is ignited by the 
spontaneous ignition of silane in air. It is found that this kind of 
explosion can be eliminated by filling the pump with oil until the oil 
level rises well above the upper rim of the oil window. 
2. An oil filter is installed on the rotary pump (RPl in Fig. 2.2) to 
clear particulates in the pump oil. After a few tens of deposition 
cycles, the oil filter as well as the pump oil should be replaced. It 
is found that some viscous deposition accumulates gradually at the 
inlet and outlet ports of the rotary pump. They must be cleaned after a 
certain operation period. The cleaning process must be done outdoor. 
3. If any gas cylinder has been changed or any pipe connections have 
been done, it is necessary to check the fitting by the leak detector. 
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Continuous Gas Detection : 
Two gas detectors (one for each cabinet) are used continuously to 
monitor the concentration of reactant gases inside the cabinets. One is 
• • V 
calibrated for phosphine and the other is for diborane. Sensitivities 
are well below the TLV ‘s of their own corresponding gases. 
C. Sample Description: 
1. Deposition Conditions: 
A series of boron-silicon films were prepared with T ranging 
s 
between 270 to 800°C. Pressure varied from 0.12 to 5 Torr. Higher 
pressure was used to increase the coating rate to prepare thick films 
for X-ray diffraction experiments, composition analysis, microhardness 
measurements and infrared absorption measurements. 
Three series of a-B Si films were prepared at 300, 460 and 
丄—X X 
620°C. Gas phase ratio of diborane and silane [B2H^]/[SiH^] is adjusted 
-3 
between 1x10 to 5 during deposition to control the Si concentration 
incorporated into boron. For films with high [B^H^J/fSiH^] (>5xlO"^), 
lower ambient pressure around O.lTorr was used in order to obtain films 
with uniform solid phase composition. It took longer time to prepare 
thick films whenever necessary. On the contrary, when [B^H^]/[SiH^] is 
low, the ambient pressure can be varied up to 2 Torr. In this case, 
silane due to its higher decomposition temperature, can carry with it 
diborane molecules, resulting films with higher uniformity. 
2. Substrate: 
Three kinds of substrate have been used for film deposition. They 
are: 1. Corning 7059 glass slide; 2. single crystal Si wafer; and 3. 
fused quartz slide. For x-ray diffraction experiment and composition 
analysis, both Corning glass and Si wafer are used because all of them 
1 6 
can be etched by chemicals to prepare unsupported films while Si wafer 
is used for infrared absorption experiment. Corning 7059 is used for 
optical absorption measurements from visible to near infrared region. 
All kinds of substrate are used to prepare films for microhardness 
measurements. For electrical measurements, boron films with T > 620°C 
s 
are deposited on quartz while samples with T < 620° are deposited on 
s 
Corning 7059. All boron-silicon films for electrical measurements are 
deposited on Corning 7059 glass slides. 
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Fig.2.1 (a) Schematic representation of a LPCVD system ( Kern and 
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Fig. 2.7 (a) This susceptor configuration is used to deposite boron 
films with T higher than 300°C. Substrates are held with their 
surfaces perpendicular to the direction of the gas flow. Q, quartz 
tube； S, susceptor. 
a 
S u b s t r a t e ^ ^ ^ Z Z Z Z Z Z q^^ f l o w 
\ . . / 
Ceramic t u b e / 
Fig. 2.7 (b) This susceptor configuration is used to deposite boron 
films with T < 300°C and a-B, Si films. Substrates are held with 
^ 丄-X X 
their surfaces parellel to the direction of the gas flow. 
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Chapter 3 Thickness Measurement 
After each cycle of deposition, the film thickness was measured. • • “ 
This information will be used in evaluating the final results of other 
measurements such as optical absorption coefficient and electrical 
conductivity etc. There are many methods to measure the film thickness. 
If the sample has a straight and sharp film-substrate step, the film 
thickness can be obtained by observing the interference pattern (Hecht 
and Zajac, 1973) . The resolution of this method is about 500K. But 
samples deposited by thermal CVD method cannot have such a 
film-substrate step because the whole substrate is surrounded by 
deposit. One solution is to mark a spot of Chinese ink on the surface 
of a substrate before deposition. A circular film-substrate interface 
can be obtained by washing away the ink spot after the deposition. The 
film thickness can then be read out by a mechanical step profiler (up 
to a resolution of about lOX). But contamination of the sample during 
deposition is inevitable in this method. Instead, we have developed 
another method to do this job，which is described as follows. At first, 
one film was selected from, the deposition batch and broken into three 
or more pieces. As shown in Fig. 3.1, a piece of sample was then stuck 
onto the base of a steel cylinder (A) by paraffin. Cylinder A was 
inserted into another hollow cylinder (B) placed on a piece of glass 
covered by a layer of toothpaste. The base surface of cylinder A was 
machined such that it makes an angle of 2.5° with its cross section. 
One edge of the sample was then in contact with the glass plate. The 
whole configuration was then pushed back and forth until part of the 
sample as well as the substrate were milled away. Finally, two sharp 
boundaries, one between the original film surface and the inclined 
2 6 
surface and the other between the film and the substrate, are obtained. 
As shown in Fig. 3.2, the separation of these two boundaries D was 
measured by using an optical microscope equipped with an eyepiece 
having a scale of resolution 0.5/im. The thickness (t) can then be 
calculated by the relation: 
t = D X tan(2.5°) . (3.1) 
A resolution of about in the film thickness can be obtained, and 
films with thicknesses up to a few 声 can also be measured. To check 
the uniformity of the film, another piece of sample was used to repeat 
the measurement and then compared with the former result. The result 
obtained represents the thickness of the other samples within the same 
batch. 
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Fig.3.1 Configuration of a simple milling machine for the 
preparation of a film-substrate interface 
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F k . 3 . 2 Measurement of film thickness by using an optical 
microscope. 
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Chapter 4 Composition Analysis 
A. IntrQjiuction: 
In order to discuss film properties based on corresponding film 
composition, Si concentration of our boron-silicon films must be known. 
In this section, some well developed standard techniques for 
composition analysis are compared. Finally, the reasons of employing 
our present methods will be discussed. 
In Table 4.1, some important techniques are listed. Except ICP, 
all of them are techniques in used surface science which has already 
become an active branch in solid state research. 
Auger electron spectroscopy (AES) is based on detecting the 
characteristic energies of the electrons emitted by electron-excited 
atoms. Elements with atomic numbers > 3 (Lithium) can be detected. In 
secondary ion mass spectroscopy (SIMS), an energetic ion beam is used 
to sputter atoms, molecules and clusters from the sample surface. A 
fraction of these particles emitted in a charged state are separated by 
means of a mass spectroscopy. With SIMS, all elements including 
hydrogen can be detected and a detection limit as low as 0. Ippm can be 
reached. The main advantage of these two methods is that the depth 
resolution is small (about a few X)，so that they are very useful to 
get information about the surface of a material. They are also suitable 
to analyse the composition of thin films. Unfortunately, the 
installation, operation and maintenance of both AES and SIMS is very 
costly. 
Energy dispersive x-ray spectroscopy (EDX) is generally installed 
as an accessary of a scanning electron microscope (SEM). In this 
method, sample is illuminated by an electron beam. The energy of the 
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characteristic x-ray photons emitted from the sample are then detected 
and analysed. The depth resolution of this method (=l/im) is larger than 
those of AES and SIMS. In x-ray fluorescence spectrometric analysis 
(XRFA) , the x-ray beam (e.g. Cu K^) is used as incident beam and the 
energies of the emitted x-ray photons are detected. Due to the larger 
penetration depth of x-ray photons in materials, the depth resolution 
is larger than that of EDX. Thus this method is more suitable for bulk 
material analysis. Comparing with AES and SIMS, EDX and XRFA are less 
expensive. But most x-ray detectors used in EDX and XRFA have a thin Be 
window at the entrance to keep the vacuum within the detector 
(Fig.4.1). Even though the window is thin, it is sufficient to prohibit 
the low energy x-ray photons emitted from light elements within the 
sample. As a result, elements with atomic number Z smaller than that of 
carbon (or even lower than that of sodium) are difficult to be 
detected. In order to overcome this limitation, x-ray detector with 
ultra-thin window or even without window are commercially available and 
allowing lighter elements such as boron to be detected. 
The last method listed in Table 4.1 is inductively coupled plasma 
emission spectroscopy (ICP). In this method, the sample is required to 
be dissolved entirely in a solution. The solution is then sprayed into 
an Ar plasma (Fig.4.2) such that the atoms within the solution are 
dissociated and excited. Characteristic photons ranging from visible to 
ultraviolet regions emitted by de-excitation of the atoms are then 
detected and analysed by a high resolution spectrometer. The detection 
limit of this method depends on the element under study. For example, 
_ 3 - 3 
the detection limits of silicon and boron are 6x10 ppm and 3x10 ppm 
respectively, which are 2 order of magnitude lower than that of SIMS. 
3 0 
Although its low detection limit is impressive, the difficulty of this 
method lies in finding a suitable solvent to dissolve the sample. 
Actually, the solubility of most semiconducting and ceramic materials 
even in the strongest acids or alkalies are negligibly small. 
Therefore, the proper solvent has to be found by trial and error. 
Among the methods we have discussed, XRFA is not suitable for our 
work, since its depth resolution exceeds most of our sample thickness, 
while AES and SIMS are not readily available. We however have developed 
a method of finding boron and silicon concentration using EDAX equipped 
with ordinary Be-window x-ray detectors. This method will be discussed 
in details in section B. 
AES SIMS SEM XRFA ICP 
(EDX) 
Depth 
resolution - 1 0.3-3 10^ lo^-io^ 
(nm) 
Lateral 
resolution 0.1-1 I-IO] 1 iq^ 
(nm) 
Elemental 
range (Z) 山 >6 一 
Destructive yes yes no no yes 
Detection ^ q / ^ n 
T . 、 ， 、 10 0.1-10 lo'-lO^ 1-10^ 6 x l O - \ s i ) 
Limit ( 聊 ) 3X10-3((B; 
Price(1984) ^ 
(US$) 5x10 1x10^ 1x10^ 2x10^ 一 
Table 4.1 Comparision of experimental methods for composition 
analysis (Werner, etal. 1984). 
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B. Composition Analysis of Boron-Silicon Films Using EDX : 
B.1 Experimental Method: 
Since boron concentration cannot be directly measured by EDX 
provided with a Be-window detector, some measures are neccessary to get 
this information from the EDX data. The general idea is to measure Si 
concentration first from EDX, while the boron concentration is 
calculated indirectly from the density of the alloy sample which has to 
be determined. 
Step 1. Determination of Si Concentration: 
To measure the Si concentration, the film is first peeled off from 
the substrate and mounted in the sample chamber of a SEM. The film is 
then illuminated by an electron beam causing emission of characteristic 
x-ray photons. An x-ray photon on entering the x-ray detector reaches a 
lithum-drifted silicon "Si(Li)" crystal creating a number of 
electron-hole pairs. The total number of electron-hole pairs created is 
proportional to its original energy. This determines the position of 
the energy spectrum line (or the channel number displayed on the 
monitor) . The growth rate of the area under the spectrum line would be 
proportional to the rate of x-ray photons entering the detector and 
thus proportional to the concentration of silicon atoms in the sample. 
A typical spectrum line of silicon is shown in Fig.4.3. The area (A^) 
obtained by integrating the area under the Si spectrum line of the 
sample is then compared with the area (A^) corresponding to a single 
crystal silicon wafer. The atomic concentration of single crystal Si is 
22 _ 3 
5.0x10 cm . So the atomic concentration of silicon in the sample N . 
S i 
is given by: 
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A X 5.0 X 
Ngi = — (cm'-^) (4.1) 
〜 . 
- • V 
Step 2. Determination of Film Density : 
To measure the film density, a small portion of the film peeled 
off from the substrate is dropped into a mixture of bromoform and 
monobromonaphthalene. These two solutions are miscible so that its 
specific gravity can be adjusted between 1.4 (s.g. of 
monobromonaphthalene) and 2.8 (s.g. of bromoform) by changing their 
proportion. The density of the mixture is adjusted until the film can 
suspend at any position in the liquid. The density of the liquid was 
then found by weighing a known volume of the liquid by an eletronic 
balance. The result found corresponds to the density of the film. 
Step 3. Determination of Boron Concentration ： 
The boron concentration N^ can be obtained by using the following 
relation: 
d \ = Nsi Nb Wb ， （4.2) 
where d is the density of the film obtained in step 2, N ^ is Avogadro's 
n u m b e r， W ^ . and W^ are the atomic weights of silicon and boron 
respectively. 
B.2 Requirement on the Film Thickness and Preparation of Unsupported 
Films : 
From Table 4.1, it is known that the depth resolution of EDX 
method has an order of about IxlO^X. Actually, this value depends on 
the energy of incident electron beam and the material under 
investigation. If the average penetration depth is larger than the film 
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thickness, part of the incident electrons may pass through the sample 
without contribution to the signal. Furthermore, if the substrate 
contains Si, such as Corning 7059 glass slide and Si wafer, additional 
x-ray photons due to the substrate would be emitted, affecting the 
accuracy of measurement. To avoid the above difficulty, films were 
prepared with thickness larger than the penetration depth of the 
incident electrons and the substrate was totally etched away before 
measurement. 
The penetration depth. R (jam) of an incident election on our sample 
is estimated by the following equation (Russ 1984)： 
d R = k ( E^n _ Ec。） （4.3) 
_ 3 
where d is the density (g cm" ), E。is the energy of incident electrons 
and its maximum value is 20keV in this experiment, E is the critical 
c 
excitation energy of the element, k and n are equal to 0.077 and 1.5 
respectively. For silicon, d = 2.33(g cm'^) and E = 1.74keV. R is then 
c 
equal to 3pm. A similar value is obtained for boron by setting d = 2.34 
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g cm and E^ = 0.18keV. The film thickness of all samples used in this 
measurement range from 4.2 to 16.3/xm, i.e. larger than 3/zm. Hence the 
above requirement is satisfied. 
There are many ways to prepare unsupported films. One of the most 
common methods is to use aluminium foil as substrate. Al can easily be 
dissolved in strong acids without affecting the semiconducting sample. 
Unfortunately, melting point of aluminium is lower than the substrate 
temperature used for our sample preparation. Thus Al substrate is not 
suitable. NaCl substrate is also widely used due to its high melting 
point and high solubility in water. But possible contamination of the 
samples by sodium ion is then inevitable. Pellets formed by pressing 
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KBr powder have been tried, but the pellets buckle at temperature 
higher than about 500°C. Fortunately, it is found that our films have a 
high chemical resistance against both hydroflouric acid (HF) and sodium 
hydroxide. We thus use HF to etch away the Corning 7059 substrate, and 
NaOH to etch Si wafer substrate. To ensure the etching is complete, the 
process is continued until no bubble emerges. The unsupported films 
left are then washed and dried. Under an optical microscope, it is 
found that the film surface remains smooth. This ensures that the 
etching process can only have negligible influence on our samples. 
B.3 Possible Applications and Limitation of Our Method: 
The method developed here is useful when standard surface science 
techniques such as AES and SIMS are not available. It has a further 
advantage of having a relative cheap running cost. This is particular 
important if large number of composition analysis is requried. 
Furthermore, this method is applicable to any binary compound when only 
one component of its constituents can be detected. 
B.4 Results 
In Fig.4.4, the density of boron-silicon alloy films is plotted 
against gas phase ratio of diborane and silane designated by 
[B^H^l/iSiH^]. It is found that the density。f the samples with T =460 
and 620。C all lies around .2.3 g This means that the density of 
these films is almost independent of gas phase ratio. In fact it is 
very close to density of crystalline silicon (d^.=2.33 g cm"^) and 
boron (d^=2.34 g c m - ^ . Although almost all of our films are amorphous 
(see Chapter 5), this result implies that our films are dense and do 
not contain large voids. For films with T^ = 300。C, density drops from 
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about 2.2 g cm" to about 1.8 g cm"^ when [B^H^]/[SiH^] increases from 
- 2 0 
1x10 to 5x10 . Smaller density of these films is due to the presence 
of a significant amount of hydrogen in these films. Since films with 
increasing [B^H^]/[SiH^] contain more hydrogen, the decrease of film 
density with increasing [B^E^]/[SiE^] is expected. This result is 
consistent with the observation of infrared absorption experiment 
(Chapter 6). 
The atomic concentration of boron in boron-silicon films deposited 
at 460 and 620。C and at different gas phase ratio [B2H^]/[SiH^] is 
tabulated in Table 4.2. The results are also shown in Fig.4.5. For T » 
s 
460Oc, one series 。f films with different [B^H^]/[SiH^] was measured at 
Hong Kong Polytechnic (SEM: Stereoscan 250, Cambridge Instrument LTD; 
EDX: 860 Series II, Cambridge Instrument LTD) and the other two series 
of samples, at Hong Kong Baptist College (SEM: TSM-T330A, JEOL; EDX: # 
QX2000’ Link and Analytical LTD) respectively. These two sets of 
results obtained independently are consistent with each other. From 
Fig.4.5, one can see that the atomic concentration of boron in films 
prepared at T广400°C increases from about 20 to 80% when [B^H^]/[SiH^] 
increases from 5x10"^ to 5x10。. For films prepared at T = 620。C, the 
atomic boron concentration increases from about 9% to about 90% when 
[B2H^]/[SiH^] increases from SxlO"^ to 5x10。. These data will be useful 
in the subsequent analysis of other experimental data. 
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\ [ ¥ 6 ] , , -3 -2 -1 0 
\ 5x10 5x10 乙 5x10 丄 5x10^ 
。\卿4] 
V 。 c ) \ 
620 9.0 42.5 77 92 
460 17.6 50.7 71.1 86.5 
Table 4.2 Boron concentration (at.%) in boron-silicon films 
deposited at 460 and 620。C, and at different gas phase 
ratio [B^H^j/fSiH^]. 
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Fig.4.1 Cross-section of a groove-type Si(Li) detector crystal mounted 
at its end cap. An individual x-ray photon passes through the Be window 
and generates electron-hole pairs within the crystal. 
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Fig.4.2 In an ICP emission spectrometer, sample solution is 
sprayed into an Ar plasma activated by a RF coil. 
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Fig.4.3 A typical Si spectrum line of EDX spectrometer. The shaded 
area is proportional to silicon concentration in the sample and is 
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Chapter 5 X-Ray Diffraction Experiment 
A . Introduction: 
The structural chemistry of boron is the second most complicated 
among the elements. Besides forming a number of allotropes, boron can 
also react with other elements such as silicon, phosphorus, carbon, 
nitrogen, yittrium etc. to form a large variety of borides. Some of 
their crystal structures have been determined from data based on x-ray 
diffraction technique (Decker et al. 1959，Hoard et al • 1969, Geist et 
al. 1970， Hoard et al. 1958, Matkovich 1960, Rizzo et al, I960). 
However, the structure of a-boron is still controversial, although 
experimental results have been reported by several authors, (Kobayashi 
1988，Katada 1966, Galasso et al • 1966, Godfrey et al. 1950, Otte et 
al. 1966). Furthermore, the structures of amorphous borides are seldom 
reported. From the results of composition analysis of our boron-silicon 
films, it is found that the concentration of boron can be varied over a 
wide range (from 10 to 90 at.%). It is then interesting to investigate 
the structure of our samples and the structural change after the 
incorporation of silicon through x-ray diffraction studies. In section 
B, known results of the structures of two important boron allotropes, 
amorphous boron and some boron-silicon compounds are summarized. In 
section C. experimental techniques for structure determination using 
x-ray diffraction are described. Finally, results of our boron and 
boron-silicon films are discussed in section D. 
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B. Structures of Boron and Silicon-Boron Compounds: 
B.l ^12 Icosahedron and Three-Center Two-Electron Bond: 
The lattices of all boron allotropes and boron-rich compounds are 
constructed on the basis of 12-atom boron clusters (B^^)• A special 
kind of chemical bond in boron-rich solid is found and termed as 
"three-center two-electon bond". It is important in the formation of 
^12 icosahedron and the bonding between the icosahedra within the 
solid. icosahedron and three-center two-electron bond are the two 
fundamental concepts for the understanding of the structures of 
boron-rich solids. 
In a Bi2 icosahedron, boron atoms reside on each vertex of an 
icosahedron as shown in Fig.5.1 (Naslain 1977). It is because that 
there are totally 48 bonding orbitals (four orbitals from each boron 
atom) within an icosahedron, if boron atoms are bonded by conventional 
two-center two-electon bond, then the total 36 electrons (offered by 12 
boron atoms) available are not sufficient to fill up all the electron 
orbitals. Furthermore, some electrons are needed for intericosahedral 
bonding such that less than 3 electrons can be offered by each boron 
atom for the intraicosahedral bonds. As a result, three-center 
two-electron bonds are formed by which electrons can be allocated in a 
more compact form such that the total electron number needed can be 
reduced. Three-center two-electron bonds are formed by linear 
combination of atomic orbitals (LCAO). In a three-center bond two 
electrons reside in a hybridized orbital located around the midst of 
three bonded boron atoms as shown in Fig.5.2. Indeed, even though the 
electron number required to fill 20 three-center bonds in an 
icosahedron (each corresponds to a triangular face of an icosahedron) 
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is reduced to 40, it still exceeds the electron number that can be 
offered by 12 boron atoms. This results resonant structures between the 
20 three-center bonds in an icosahedron as those in the bonding of 
benzene (Emin 1987). Under this configuration, only 26 electrons are 
used in intra-icosahedral bonding with 1.3 (=26/20) electrons allocated 
on each triangular face of an icosahedron. Other ten electrons are left 
for the inter-icosahedral bonding (see section B.2.1). Because of the 
small interatomic seperations, boron is perhaps the unique element that 
can have stable and strong three-center bonding. This characteristic 
causes boron and borides to have distintive structures from the other 
elements (Emin 1987). 
B.2 Polymorphism of Crystalline Boron: 
Based on different three-dimensional skeletons of B^^ icosahedral 
unit, a number of boron allotropes are formed. These allotropes include 
a-rhombohedral (a-R), ^-rhombohedral (广R)， a-tetragonal (a-T) and 
^-tetragonal (^-T) etc. In this section, the structures of two 
allotropes, i.e. c-R and ^-R are reviewed because they are important 
for the interpretation of the x-ray diffraction patterns of our 
samples• 
B.2.1. a-Rhombohedral Boron: 
According to x-ray crystallographic study, the space lattice of 
a-R boron is rhombohedral with each lattice point occupied by a B^^ 
icosahedron (Decker et al 1959). A rhombohedral unit is shown in 
Fig.5.3. Both open and solid circles in the figure represent B^^ 
icosahedra. Since any rhombohedral lattice can be referred to a 
hexagonal lattice, a hexegonal unit cell is also shown in the figure. 
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From section B.l, it is known that 26 out of total 36 electrons offered 
by 12 boron atoms within an icosahedron are used for intra-icosahedral 
bonding. So there are 10. electrons left for the inter-icosahedral 
bonding. For a-R boron, each icosahedron links with six rhombohedrally 
directed neighbouring icosahedra by forming 6 normal two-center bonds, 
so that 6 electrons are used. Finally, on the basal plane as shown in 
Fig.5.4, 6 three-center bonds are formed corresponding to six triangles 
surrounding a B^^ icosahedron. These three-center bands exactly 
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accomodate 4 (=6x-j-) electrons and thus 36 electrons offered by 12 
boron atoms are totally used up. The lattice parameters corresponding 
to rhombohedral axes and hexagonal axes respectively are listed in 
Table 5.1 (Decker et al 1959). 
B.2.2. Rhombohedral Boron: 
The lattice structure of ^-R boron is also rhombohedral and is 
analogous to that of a-R boron, but the position of B^^ cluster in a-R 
boron is now replaced by a Bg^ cluster consisted of 84 boron atoms. A 
^84 unit is depicted in Fig.5.5 (Naslain,R., 1977). The structure of 
^34 unit is still based on B^^ icosahedron. As shown in the figure, a 
^12 icosahedron is positioned at the center with each boron atom 
connecting to 12 half icosahedra. These Bg^ clusters are connected in 
rhombohedral direction by matching the half icosahedra between adjacent 
^84 clusters such that a rhombohedral lattice is built up. A 
rhombohedral unit cell (or equivalently a hexagonal unit cell) of /5-R 
boron is depicted in Fig.5.6. In the figure, each circle labeled by P. 
is a Bg^ boron cluster. Additional to B^^ unit, a unit is 
inserted within the cavity of the rhombohedral unit cell. As shown in 
Fig. 5.7，this unit consists of two B^^ boron clusters linked by an 
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isolated boron atom. One of the two B^^ clusters of the B^^-B^-B^Q unit 
is connected to three Bg^ units within the unit cell labeled as P^, P^ 
and P^ in Fig. 5.6, while the next B^^ cluster is connected to other 
three Bg^ units P^, P^ and P? • Consequently, there are totally 105 
boron atoms (84 boron atoms from one Bg^ cluster, 25 boron atoms from a 
^10^1^10 cluster) within a rhombohedral unit cell in /3-R boron. The 
lattice parameters determined by Hoard,J.,L., (1969) are listed in 
Table 5.1. 
Modifications a。 c。 c Atoms per 
(degree) unit cell 
g-R 
hexagonal cell 4.908 12.567 36 
rhombohedral cell 5.057 58.06 12 
13-R 
hexagonal cell 10.96 23.78 324 
rhombohedral cell 10.145 65.28 105 
g-T 
tetragonal cell 8.75 5.06 50 
Table 5.1 Lattice parameters of a- and ；0-rhombohedral boron allotropes, 
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B.2.3 Amorphous Boron: 
Based on diffraction experiments, structure analysis of amorphous 
boron films prepared by different methods have been reported by several 
authors. These preparation methods include vacuum evaporation (Katada 
1966); pyrolysis (Otte et al. 1966); rapid quenching (Galasso et al. 
1966) and CVD method (Kobayashi 1988). Due to the lacking of long-range 
order in amorphous solid, the diffraction pattern consists of halos and 
no definite indices of lattice planes can be determined (see section 
C). Therefore, the structure of amorphous boron is still controvertial. 
However, Katada (1966) studied the radial distribution function (RDF) 
of evaporated a-boron from electron diffraction intensities. It was 
found that the first nearest interatomic distance was about 1.78X 
corresponding to that within a regular B^^ icosahedron in crystalline 
boron. Kobayashi M. (1988) also studied the RDF of a-boron prepared by 
decomposition of BCI3 ^^ ^^ between 770 and 850。C, and found that the 
first two peaks of the RDF agreed well with the first nearest 
intra-icosahedral distance, and the mean value of second and third 
nearest intra-icosahedral interatomic distances of a regular B^^ 
cluster respectively. Therefore, they all came to the same conclusion 
that B i 2 icosahedra exist in their samples independent of preparation 
method， and the structure of amorphous boron is based on some network 
of icosahedra. This assertion is generally accepted and becomes the 
only consensus on the structure of amorphous boron. 
Kobayashi (1988) compared the RDF's between various modifications 
of crystalline boron and their amorphous boron samples and concluded 
that the short range order structure of amorphous boron is closer to 
that of /5-R boron. It will be shown in section D, that our results 
disagree with their conclusion. 
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B.3. Structures of Crystalline Boron-Silicon Compounds: 
From the above description of boron allotropes, it is shown that 
the structures of boron are very open. For example, the space-filling 
by boron atoms is only 36% for /3-R boron (Andersson et al. 1970) . So a 
variety of boron-rich solids can be formed by accomodation of foreign 
atoms at the interstitial sites or even by direct substitution of boron 
atoms. In this section, the structures of some crystalline 
boron-silicon compounds are summarized. The lattice parameters of these 
compounds are listed in Table 5.2. 
SiBi4 contains 93at.% of boron. It is isostructural with boron 
and crystallizes in a rhombohedral lattice. It can also be considered 
as a hexagonal lattice with lattice parameters a = 11.13! and c = 
23.83又（Giese 1965). These values are quite close to those of ^-R boron 
(Table 5.1). 
SiBg contains 85.7at.% of boron and crystallizes in an 
orthorhombic lattice with a=14.392X, b=18.267X and c=9.885X for the 
orthorhombic unit cell ( d i n e 1958) • 
SiB^ contains 80 at.% boron and is isostructral with a-R boron. 
The structure of SiB^ is anologous to that of B ^ ^ S ' The structure of 
is shown in Fig. 5.8. A three-atom carbon chain (C-C-C) is 
inserted along the three-fold axes of a rhomobohedral unit cell formed 
by six icosahedral clusters. For SiB^, two silicon atoms replace two 
carbon atoms of the C-C-C chain. The remaining silicon atoms 
statistically replace boron atoms in icosahedron. Therefore, each 
rhombohedral unit cell of SiB^ contains twelve boron atoms and three 
silicon atoms (Makarenko 1977). The lattice parameters referring to 
hexagonal axes are a=6.35X and b=12.69X. Comparing with a-R boron, the 
value of a increases by 30% while c only slightly increases by about 
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1%. The same crystal structure can be found in a wide homogeneity range 
of boron-silicon compounds (SiB_ __ , _) with silicon concentration 
z . oZ ^ . U 
ranging from 74.3 to 78.5 at.% (Magnusson 1962). 
Phase a(X) b(X) c(K) a(°) 
SiBi4 (93 at.%) 
Hexagonal 11.13 23.83 _ _ 
SiB^ (85.7 at.%) 
orthorhombic 14.392 18.267 9.885 
SiB^ (80 at.%) 
Hexagonal 6.35 12.69 
Rhombohedral 5.52 ^g ^ 
^'^2.82-4.0 
(74.3 to 78.5 at.%) 
Hexagonal 6.319 12.713 
Table 5.2 Lattice parameters of crystalline boron-silicon compounds. 
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C. X-ray Diffraction Experiment: 
C.l Experimental Technique: 
Debye-Scherrer method was used in our x-ray diffraction experiment 
with the setup shown in Fig.5.9. It consists of an x-ray tube with a Cu 
target, a Ni filter, a 0.5mm collimator C, a photographic film F 
installed in a cylindrical film holder, and a beam stopper S. The 
sample is irradiated by nickel filtered Cu K^ radiation with 入 = 1 . 5 4 X . 
The diffraction pattern is then recorded by a photographic film. 
Before the experiment, the substrate must be etched away in order 
to eliminate the influence of the substrate. If the sample is too thin, 
then the diffracted radiation would be too weak to form observable 
pattern on the photographic film. However, if the sample is too thick, 
then it can forbid the transmission of the incident x-ray beam. 
According to Cullity (1978), the optimum sample thickness in x-ray 
diffraction experiment is equal to the reciprocal of the absorption 
coefficient (l//i) at the incident beam energy. In the case of boron, 
this value is 0.2mm for Cu K^ radiation. This value is far larger than 
the film thickness that we can get. So about twenty small pieces of 
samples were piled up to obtain a total thickness of about 0.1mm. 
C.2 Analysis of X-Ray Diffraction Pattern: 
For polycrystals, the diffracted rays would emerge from the sample 
in the form of concentric cones because the orientations of the 
crystallites are nearly random. Each of the cones make an angle 20 with 
the original beam direction, where 办 is the Bragg angle which satifies 
the Bragg law (Fig.5.10)： 
2d sin = A. (5 ” 
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Sharp diffraction lines will be recorded on the photographic film when 
the radiation cones intercept the film. By measuring the diameter of 
the Debye-Scherrer rings S and the radius of the film holder R, the 
value of can then be obtained by the simple geometrical relation 
(Fig.5.11(a)): 
“ “ — f - . (5.2) 
Finally, the lattice spacing d can be found from equation (5.1). 
If the sample is amorphous, the long-range order disappears. The 
sharp characteristic diffraction lines corresponding to the 
polycrystals are broadened and mix up to form a series of halos • 
However, each halo can still be specified by a value termed "d-spacing" 
defined by equation (5.1). To determine the d spacing of a halo, S in 
equation (5.2) is measured from the photographic film as shown in 
(Fig.5.11(b)). 
D. Results and Discussion： 
D.l Boron Films: 
X-ray diffraction patterns of boron films deposited at 300, 460, 
540, 620 and 800°C are quite similar. A typical diffraction pattern is 
shown in Fig.5.12. Four diffused halos are observed without any sharp 
characteristic lines. This indicates that all our pure boron films are 
amorphous. 
By using equations (5.1) and (5.2), d spacings of the four halos 
were calculated and listed in the last column in Table 5.3. They are 
namely 1.39 (medium) , 1.69 (weak) , 2.47 (strong) and 4.13X (strong). 
These values are well consistent with the values reported by other 
authors. It is because that it is generally accepted that B^^ 
icosahedra exist in amorphous boron, (see section B.2.3), we base our 
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analysis on the assumption that the structure of our amorphous boron 
films is formed by a network of B^^ icosahedra. The existence of B^^ 
icosahedra is further supported by our IR measurement (see Chapter 6). 
Each icosahedron can now be regarded as a large atom (Otte et al. 
1966) packing together to form an amorphous structure. Due to the 
variation of bond lengths and angles of the inter-icosahedral bonds, 
the characteristic diffraction lines will be similar to that of 
crystalline boron but the line will be broadened and will overlap to 
form several resolvable halos. Therefore, it is expected that there is 
a simple correspondance between the x-ray diffraction patterns of our 
boron films with that of a crytalline boron modification having a 
similar B^^ icosahedron network. 
Katada Otte et al Galasso Masayoshi Present 
(1966) (1966) (1966) (1988) work 
E X E E X(A) E(B) E(C) X 
4.2 to 4.5 4.4 4.26 4.38 4.30 4.13 
2.34 2.5 2.5 to 2.61 2.5 2.53 2.53 2.53 2.47 
—— 1.75 1.7 to 1.76 —— 1.70 1.73 1.78 1.69 
1.32 1.4 1.38 to 1.45 1.4 1.39 1.41 1.41 1.39 
Table 5.3. Summary of d spacings of diffraction patterns of a-boron 
prepared by various kinds of method. 
E — electron diffraction; X — x-ray diffraction. 
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We first compare the d spacings of our amorphous boron with the 
lattice spacings of a-R (Table 5.4). In Table 5.4, the Miller indices 
(hkl) referring to rhombohedral axes, (HK-L) referring to hexagonal 
axes and lattice plane separations of a-R boron are listed (Decker et 
al. 1959) . The characteristic lines of a-R boron can be divided into 
five groups. The first group contains (00-3), (10.1) and (01.2) planes 
having d values ranging from 4.247 to 3.544X which coincides with the d 
value of the first halo (3.6-4.5X) of our boron films. Furthermore, the 
(10 • 1) line is the strongest one while the intensity of the 
corresponding halo is also very strong. The second group contains 
(10.4) and (11.0) planes with lattice spacings corresponding to the 
range of the second halo of our boron films. The intensity of the 
(10.4) is still strong and is consistent with the strong intensity of 
the second halo. The third group contains four sets of lattice planes 
with d spacings ranging from 2.180 to 2.029X. No corresponding halo is 
observed in our boron films, although Otte and Lindquist observed 
halos with d spacings around 2.19-2.22 and 2.13X respectively. The 
fourth group contains lattices planes with lattice spacing ranging from 
1.666 to 1.603X and roughly corresponds to the range of the third halo 
of our boron films. The intensities of all the four lines within this 
group are very weak. Correspondingly, the third halo of our samples has 
the weakest intensity. Finally, the fifth group contains lattice planes 
with lattice spacing ranging from 1.482 to 1.346X and corresponds to 
the fourth halo of our boron films. This is the largest group which 
contains a few lines with medium strength of intensity. This is 
consistent with the medium intensity of the fourth halo of our boron 
films. Except the third group, all the positions and intensities of the 
diffraction halos agree well with the diffraction pattern of a-R boron. 
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(hkl) (HK.L) d(K) Int. d spacing of 
a-boron (A) 
111 00.3 4.247 45 
100 10.1 4.066 100 - 3 . 6 — 4 . 5 
110 01.2 3.544 2 > 
211 10.4 2.545 70 … … 
_ ‘ 2 . 4 — 2 . 6 
101 11-0 2.479 10 
221 01.5 2.180 4 2 . 1 9 — 2 . 2 2 
210 11.3 2.131 4 (Otte 1966) 
111 02.1 2.113 55 2.13 
200 20.1 2.029 <2 (Lindquist 1968) 
322 10.7 1.666 4 ’ 
311 20.5 1.634 8 
- y 1 . 6 — 1 • 8 
201 21.1 1.603 8 
321 11.6 1.603 8 > 
332 01-8 1.482 8 ’ 
310 21-4 1.438 15 
211 30.0 1.424 8 
333 00-9 1.403 4 
… 1 . 3 — 1 . 4 
331 02.7 1.376 8 
320 12.5 1.359 10 
300 30.3 1.346 15 
221 03.3 1.346 15 > 
Table 5.4. Comparision of the results of x-ray diffraction 
experiment between a-rhombohedral boron and our a-boron films. 
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Let us turn to the diffraction pattern of jS-R boron. In Table 5.5 
(Hoard et al. 1970), the Miller indices (HK.L) referring to hexagonal 
axes, structure factors F and the lattice spacings d are listed. The d 
spacings (not included in Hoard's paper) can be calculated from the 
following equation: 
, 1 
~ j = = = = = = = z = z z r (3.3) 
/ 4 2 2 T 2 
/ ~ ~ 厂 ( H ^ + HK + K^) + — V 
^ c2 , 
where HK.L are indices of lattice planes, a (=10.96又）and c (=23.78X) 
are lattice parameters of a hexagonal unit cell of j3-R boron (see Table 
5.1). The ranges of d for the four halos of our boron films are also 
marked in the same table. One may note that the lattice spacings d of 
料 boron cannot clearly be divided into groups with d values 
coinciding with the ranges of d spacings of the halos of our amorphous 
boron films. Furthermore, the variation of the structure factors of ^-R 
boron lines is small. This means that intensities of the corresponding 
diffraction lines do not vary much. This is not consistent with the 
relative intensity of the halos observed in our boron films. 
Based on the above comparision, our results are more consistent 
with a structure constructed by B^^ icosahedra which are arranged in a 
network close to that of a-R boron rather than to that of 々-R boron. 
This conclusion disagrees with that of Kobayashi (1988), but is 
supported by the results of x-ray diffraction experiment of our 
boron-silicon films which will be discussed in the following section. 
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(HK.L) d(X) F (HK-L) d(X) F (HK-L) d(A) F 
0 2 . 1 4 . 6 4 1 0 6 2 0 5 - 4 1 . 8 1 3 0 0 2 - 1 6 1 . 4 2 1 3 5 4 
1 1 . 3 4 . 5 1 6 1 5 ) 1 0 . 1 3 1 . 8 0 5 4 5 ) 4 3 - 7 1 . 4 2 5 6 2 
2 0 . 2 4 . 0 4 7 4 8 2 4 - 1 1 . 7 9 3 9 1 3 0 - 1 5 1 . 4 2 1 2 5 6 
1 6 - 4 4 . 4 4 6 4 7 3 3 - 3 1 . 7 8 3 9 5 5 2 - 6 1 . 4 2 4 6 5 
0 1 . 5 4 . 2 6 7 8 8 b . 6 - 1 3 . 1 0 1 . 7 7 4 6 2 3 2 - 1 3 1 . 4 0 1 6 9’ 
0 0 . 6 3 . 9 7 1 3 9 0 4 . 5 X 2 3 - 8 1 . 7 6 1 1 8 5 0 1 . 1 7 1 . 3 9 6 1 7 
0 2 - 4 3 . 7 1 9 1 8 5 0 . 5 1 . 7 6 1 1 6 0 5 1 - 1 0 1 . 3 9 1 9 4 
2 1 . 1 3 . 5 4 698) 0 2 . 1 3 1 . 7 1 1 1 9 1 3 4 . 8 1 . 3 8 1 3 2 1 
1 2 - 2 3 . 4 3 5 5 9 5 1 - 1 1 . 7 0 2 8 9 0 4 - 1 4 1 . 3 8 7 5 3 
2 0 . 5 3 . 3 6 3 6 3 1 5 . 2 1 . 6 9 2 2 4 6 1 . 5 1 . 3 8 1 3 8 4 
1 1 - 6 3 . 2 1 1 7 5 0 1 . 1 4 1 . 6 8 6 1 7 2 1 - 1 6 1 . 3 8 3 9 9 
1 0 . 7 3 . 2 1 1 7 7 4 0 - 1 0 1 . 6 8 6 9 7 4 2 - 1 1 1 . 3 8 4 8 1 
0 3 - 0 3 . 1 6 2 8 4 0 3 - 1 2 1 . 6 8 3 4 1 - 1 . 6 - 4 4 - 5 1 . 3 7 1 4 4 8 
2 1 . 4 3 . 0 7 5 4 2 4 2 - 5 1 . 6 8 2 7 0 1 . 8 & 2 2 - 1 5 1 . 3 7 5 0 4 - 1 . 3 -
0 3 - 3 2 . 9 4 2 8 4 3 1 . 1 1 1 . 6 7 4 5 7 0 6 - 9 1 . 3 6 4 7 0 I A K 
1 2 - 5 2 . 8 6 8 0 2 3 3 - 6 1 . 6 6 4 1 7 5 3 - 2 1 . 3 5 1 1 6 4 
0 1 - 8 2 . 8 4 6 3 2 0 5 - 7 1 . 6 6 7 0 9 3 8 - 1 1 . 3 5 2 6 6 
0 2 - 7 2 . 7 6 6 3 7 5 1 - 4 1 . 6 4 3 5 2 2 0 - 1 7 1 . 3 4 2 7 3 
2 2 - 0 2 . 7 4 8 4 9 4 1 - 9 1 . 6 3 3 8 6 2 3 - 1 4 1 . 3 4 2 5 9 
0 0 - 9 2 . 6 5 1 5 3 6 2 1 - 1 3 1 . 6 3 5 2 1 5 . 1 1 1 . 3 4 1 1 3 3 
1 3 - 1 2 . 6 1 8 0 5 ) 3 2 - 1 0 1 . 6 1 5 2 3 3 - 1 2 1 . 3 4 1 0 0 1 
2 2 - 3 2 . 5 9 5 7 1 2 2 - 1 2 1 . 6 1 4 1 4 0 7 - 2 1 . 3 4 4 0 7 
3 1 - 2 2 . 5 7 5 8 0 2 0 - 1 4 1 . 6 0 4 2 9 0 0 - 1 8 1 . 3 2 3 2 8 
2 0 - 8 2 . 5 2 1 0 2 2 1 5 - 5 1 . 6 0 9 0 0 5 - 1 3 1 . 3 2 4 5 3 
2 1 . 7 2 . 4 7 8 5 9 I 2 . 4 - 0 4 . 1 1 1 . 6 0 1 3 7 2 5 . 9 1 . 3 2 1 0 0 1 
0 3 - 6 2 . 4 7 9 5 6 2 . 6 X 4 1 - 3 1 . 6 0 1 6 4 3 5 - 4 1 . 3 2 1 5 5 
3 0 . 6 2 . 4 7 9 5 8 5 0 . 8 1 . 6 0 6 0 J 5 2 - 9 1.32 42 
1 3 - 4 2 . 4 0 9 0 2 J 0 0 - 1 5 1 . 5 9 9 5 1 2 - 1 7 1 . 3 1 1 0 4 2 
1 1 - 9 2 . 3 8 6 6 8 0 6 - 0 1 . 5 8 1 2 3 1 3 . 1 6 1 . 3 1 6 3 6 
4 0 - 1 2 . 3 6 1 1 3 9 4 3 - 1 1 . 5 5 2 4 7 6 2 - 1 1 . 3 1 2 8 9 
0 2 - 1 0 2 . 3 1 2 4 7 0 6 - 3 1 . 5 5 2 0 6 3 6 1 . 8 1 . 3 0 4 1 4 
1 0 - 1 0 2 . 3 1 2 9 9 6 0 . 3 1 . 5 5 7 9 4 3 . 1 0 1 . 3 0 6 1 4 
3 1 . 5 2 . 3 1 3 0 4 3 4 . 2 1 . 5 4 9 9 2 6 . 2 1 . 3 0 9 3 
1 2 . 8 2 . 2 9 4 1 4 4 2 . 8 1 . 5 4 1 5 8 0 7 . 5 1 . 3 0 8 2 1 
2 2 . 6 2 . 2 5 5 3 5 1 2 . 1 4 1 . 5 4 1 6 4 5 3 . 5 1 . 3 0 5 9 4 
4 0 - 4 2 . 2 0 1 0 6 1 1 1 - 1 5 1 . 5 3 1 2 0 4 9 - 6 1 . 2 9 3 5 0 
2 3 . 2 2 . 1 4 1 8 9 2 3 . 1 1 1 . 5 3 1 2 0 6 2 - 4 1 . 2 8 2 3 8 
0 4 - 5 2 . 1 2 3 2 3 1 5 . 0 1 . 5 2 3 9 3 5 4 . 1 3 1 . 2 7 4 4 4 
0 1 . 1 1 2 . 1 1 4 2 8 4 3 - 4 1 . 5 1 2 2 0 3 4 . 1 1 1 . 2 7 3 3 8 
1 4 . 0 2 . 0 7 1 1 6 2 5 . 3 1 . 4 9 9 9 1 4 . 1 5 1 . 2 6 4 2 
3 2 . 4 2 . 0 4 8 2 9 5 2 . 3 1 . 4 9 1 3 1 4 0 - 1 6 1 . 2 6 7 9 1 
0 3 . 9 2 . 0 3 6 8 3 3 4 - 5 1 . 4 8 6 7 1 7 . 0 1 . 2 6 2 8 2 
2 3 . 5 1 . 9 8 1 4 0 0 5 . 1 0 1 . 4 8 4 3 3 5 . 7 1 . 2 6 3 1 4 
2 1 . 1 0 1 . 9 8 5 2 1 5 - 8 1 . 4 8 3 6 4 5 1 - 1 3 1 . 2 5 5 2 0 
2 0 . 1 1 1 . 9 7 1 9 6 1 0 . 1 6 1 . 4 7 5 8 7 6 0 . 1 2 1 . 2 4 2 7 1 
2 2 - 1 2 1 . 9 0 4 1 4 0 6 . 6 1 . 4 7 4 5 8 1 6 . 1 0 1 . 2 4 3 4 8 
0 5 . 1 1 . 8 9 9 9 1 6 . 1 1 . 4 4 6 5 0 1 7 . 3 1 . 2 3 5 5 7 
1 1 - 1 2 1 . 8 7 9 0 4 0 . 1 3 1 . 4 5 1 9 8 8 0 7 . 8 1 . 2 3 2 3 8 
5 0 . 2 1 . 8 7 3 1 0 3 1 . 1 4 1 . 4 3 8 1 4 3 2 . 1 6 1 2 3 8 5 
1 2 . 1 1 1 . 8 5 1 2 7 5 0 . 1 1 1 . 4 3 6 3 0 4 2 - 1 4 1 . 2 2 3 1 1 
0 4 - 8 1 . 8 5 1 0 4 6 1 . 2 1 . 4 3 4 2 6 4 4 . 9 1 . 2 1 1 2 3 
1 4 . 6 1 . 8 3 3 0 8 2 4 - 1 0 1 . 4 3 1 6 9 9 2 5 . 1 2 1 2 1 3 0 5 
3 3 . 0 1 . 8 2 8 2 1 4 1 . 1 2 1 . 4 3 7 1 4 0 4 . 1 7 1 . 2 1 1 7 7 
Table 5.5 Comparison of the results of x-ray diffraction experiment 
between /3-R boron and our boron films. 
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D.2 Boron-Silicon Films: 
Two series of boron-silicon films deposited at 460 and 620°C were 
investigated. Each series includes four samples with gas phase ratios 
[B2H^]/[SiH^] = 5x10^, 5xlO"^, 5xlO"^ and 5x10-3 respectively. The 
diffraction patterns of the first series of boron-silicon films with T^ 
=460°C are shown in Fig.5.13 to 5.16, and those of the second series 
with T = 620°C are shown in Fig.5.17 to 20. 
s 
d spacings of the halos calculated from equations (5.1) and (5.2) 
are plotted as functions of boron concentration in Fig.5.21. Data for 
T = 460°C are denoted by "•“ while those for T = 620°C are denoted by 
s s 
"x". It is found that d spacings from films with similar boron 
concentration are similar. Thus the film structure is influenced by 
boron concentration, while the effect of substrate temperature on d 
spacing is not obvious. For the sake of discussion, it is convenient to 
classify the samples into two groups according to the boron 
concentration. Group A contains samples with boron concentrations 
higher than 60% while those having boron concentrations below 60% 
belong to group B. 
Analysis of Group A Samples: 
There are four samples in this group corresponding to boron 
concentrations of 92% (T =620°C), 86.5% (T =460°C), 77% (T =620°C) and 
S 3 S 
71.1% (T =460°C). From Fig.5.13, 14，17 and 18, one can see that there 
are no sharp characteristic lines or spots indicating that all the four 
samples are amorphous. As shown in Fig.5.21， the d spacings of the 
/ 
samples in this group and those of boron films can be joined to form 
four smooth curves. When boron concentration decreases from 100 to 71 
at.%, d spacings in curve 1 increases from 1.43 to 1.SX; the d spacings 
in curve 2 increases from 1.69 to 1.97 while there is no data point at 
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boron concentrations of about 90% ； curve 3 increases from 2.47 to 2.69X 
and curve 4 is rather flat and remains at about 4.13X. One immediate 
conclusion one can draw from these results is that incorporation of 
silicon into boron network seems to increase the values of d spacing. 
This behaviour can be explained if we accept that conclusion in 
the last section, which states that the a-boron structure is based on 
icosahedra arranged in a network close to that of a-R boron. When 
silicon atoms are incorporated into boron, they can be inserted 
interstitially in the cavities of the rhombohedral unit cell formed by 
six clusters. Besides, the incorporated silicon atoms can also 
replace boron atoms within B^^ icosahedra. Thus, a direct result of 
silicon incorporation is to enlarge the size of the unit cell. This 
explains the systematic increase of the d spacings as the silicon 
concentration is increased. Since the samples in this group are 
amorphous, variation of bond lengths and bond angles between the 
inter-icosahedral bonds is expected. 
From section B.3, it is known that the structure of SiB, is based 
4 
on that of a-R boron with silicon atoms inserted into the rhombohedral 
unit cell replacing the boron atoms in B^^ icosahedral. This structure 
is very close to the suggested model for our boron-silicon films. To 
prove this assertion, the x-ray diffraction pattern of our 
boron-silicon sample with boron concentration of 77at.% is compared 
with that of crystalline SiB^ which has a boron concentration of 80at. % 
(see Table 5.2). The Miller indices (HK-L) of the lattice planes 
referring to the hexagonal axes, lattice spacings d and the relative 
intensities I/I of the characteristic lines are listed in Table 5.6 
O • 
(Matkovich 1959). The observed d spacings of the four halos of 
boron-silicon film are shown in the last column. One can see that the 
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characteristic lines can be divided roughly into four groups. The first 
group contains (10.1) and (01.2) with lattice spacings 4.985 and 4.147X 
respectively which coincide roughly with the d spacings of the first 
halo (3.8-4.6X) of the boron-silicon film. The second group contains 
lattice planes with lattice spacings ranging from 2.308 to 3.159X which 
cover the range of the second halo (2.35-2.49X) of the boron-silicon 
film. It should be noted that the intensities of two characteristic 
lines corresponding to (10.4) and (02.1) within this group are very 
strong. Correspondingly, the second halo of the boron-silicon film is 
also the strongest (see Fig.5.18). The third and fourth groups contain 
lattice planes with lattice spacings ranging from 1.582 to 2.043X, and 
1.361 to 1.527X, and are consistent with the d spacings of the third 
halo and fourth halos, namely 1.66 to 2.00 and 1.29 to 1.50 
respectively. Thus the diffraction pattern of our boron-silicon film 
with boron concentration = 77at.% has a simple correspondence with 
that of crystalline SiB^. This indicates the similarity of their 
structures. This result supports the structure model of boron-silicon 
samples in the first group. 
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(HK.L) d(A) cal. 1/1。 d(A) exp. 
Hexagonal ° Boron Conc.= 71% 
a = 6.3X 
c = 11.ll 
、 1 0 . 1 4.985 20 
“ 3 . 8 — 4 . 6 
01.2 4.147 30 
11-0 3.159 20 ， 
10.4 2.745 90 
02.1 2.674 100 -
2 . 3 5 — 2 . 9 4 
20.2 2.518 1 
01.5 2.308 5 > 
00.6 2.120 1 
20.4 2.076 1 
21.1 2.043 20 ’ 
11-6 1.762 20 
10.7 1.724 10 
30.3 1.677 10 1.66-2.00 
12-5 1.606 50 
22.0 1.582 30 > 
01-8 1.527 5 
02.7 1.516 1 
13.1 1.510 30 
22-3 1.485 1 - 1 . 2 9 — 1 . 5 0 
31-2 1.480 20 
30.6 1.384 10 
40.1 1.361 1 > 
Table 5.6. Comparison of x-ray diffraction patterns between SiB 
having a hexagonal lattice space of lattice parameters a = 6.53X and c 
= 1 2 . 6 9、 and our boron-silicon film deposited at T = 620°C, gas phase 
ratio [B2H^]/[SiH^] = 5xl0"^ and with boron concentLtion = 77at.% 
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Analysis of Group B Samples: 
This group contains samples with boron concentration smaller than 
60at.%. The four samples in this group have boron concentrations of 
50.7at.* (Ts=460。C, [B^H^]/[SiH^]=5xlO"^), 42.5at.% (T^=620°C, 
[B2H^]/[SiH^]=5xlO-2), 17.6at.% (T^=460°C, [B^H^]/[SiH^]=5xlO"^) and 
(620。C, [B2Hg]/[SiH^]=5xlO"^) respectively. From the diffraction 
patterns of the samples (Fig. 5.15’ 5.16’ 5.19 and 5.20), all the 
samples except the last one are amorphous. 
The x-ray diffraction pattern of this group are now compared with 
that of a-Si prepared by our CVD system at T =580°C (Fig.5.22) and with 
that of single crystal silicon. It is well known that single crystal 
silicon has a f.c.c lattice with a lattice constant a = 5.427X. 
For sample with boron concentration = 50.7% (T =460°C and gas 
phase ratio [B^H^]/[SiH^] = SxlO"^), the three halos with d spacings 
ranging from 1.5—1.7X’ 1.8-2.OA°and 2.7-3.SX correspond to three 
characteristic lines with d = 1.6348X, 1.9166X and 3.1317X of single 
crystal Si. Despite of this agreement, we do not believe that the 
structure is close to that of silicon. Instead, its structure should be 
somewhat between SiB, and a-Si 
4 • 
The diffraction patterns of samples with boron concentration = 
42.5 and 17.6at.% are quite similar. Both of them consist of two halos. 
The first one with d spacings ranging from 2.7 to 3 • 6X corresponds to 
(111) plane with d = 3.1317X and the second one with d spacings ranging 
from 1.6 to 1.9X corresponds to the mixture of that of (220) and (311) 
planes. These values agree with that of a-Si. It shows that the 
structure of these films are close to that of a-Si. 
According to the result of Horn (1955), boron can be located 
substitutionally in silicon up to a concentration of 0.3 atomic 
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percent. The boron concentration of 42.5% in our film greatly exceeds 
the above limit. Through the above study alone, one cannot get 
information on how the boron atoms combine with the silicon atoms. 
There .are two possible ways for boron atoms to combine with silicon 
atoms. One way is that boron atoms combine with silicon atoms by sp^ 
bondings. In other words, this kind of boron atoms have a coordinate 
number = 3. Their existence has still to be proved. Another way is that 
there are still some icosahedral clusters consisting of boron and 
silicon atoms, interdispersed through the whole sample. Since the boron 
concentration is relatively low in this case, the x-ray diffraction 
pattern is dominated by the random network which consists mainly of 
silicon atoms. Thus the diffraction pattern resembles closely that of 
amorphous silicon. It seems that there is evidence for the existence of 
icosahedral clusters from the results of infrared absorption experiment 
(see Chapter 6). 
Finally，the sample deposited at T^ = 620°C with gas phase ratio 
[B2H6]/[SiH4] of 5x10"^ is polycrystalline and has a boron 
concentration of 9%. Five sharp characteristic lines are observed 
(Table 5.7) and are exactly consistent with those of crystalline 
silicon. Again, the boron concentration of this sample still exceeds 
the solid solubility of boron in silicon (0.3 at.%). For such 
poly-crystalline samples, it is possible that majority of boron ato.s 
settle at the grain boundaries. This has still to be proved. 
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(hkl) d a ) of 1/1。 d(X) d(X) d(x) d(X) 
c-Si B-Si film B-Si film pc-Si a-Si 
T =460°C T广460。C T =620°C T =580°C 
s s s 
111 3.1317 100 2.7-3.3 2.7-3.6 3.11 2.9—3.5 
220 1.9166 60 1.8-2.0 . 1 9 1 
3 1 1 1 . 6 3 4 8 3 5 1 . 5 - 1 . 7 / U 3 } 
_ 1.3553 8 一 一 ^ 33 
饥 1 遍 13 一 一 1.24 _ _ 
422 1.1067 17 — 一 — ‘、 
333,511 1.0433 9 一 一 — 
440 0.9583 5 
Table 5.7. Comparision of x-ray diffraction patterns of crystalline 
silicon and that of boron-silicon films with boron concentrations C == 
50.o7% (T广460。C)，17.6% 460°C) , 42.5% (T^ = 620。C) and 9% (T 
620 C). d spacings of a-Si film deposited at T^ = 580°C are also listed 
for comparision. 
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Fig.5.1 The B^^ boron icosahedron. 
Fig.5.2 Schematic diagram of a three-center two-electron bond. 
• , Boron atom; 図， E l e c t r o n cloud. 
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Fig.5.3 Hexagonal unit cell ( • ) and rhomb ohedral unit cell ( O ) of 
a-rhombohedral boron. 
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Fig.5.4 Basal plane of a-rhombohedral boron. The parallelogram show the 
base of the hexagonal unit cell. On this plane, each B^^ icosahedron 




Fig.5.5 Bg^ boron cluster in rhombohedral boron. (Hoard et al. 1970). 
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Fig.5.6 Hexagonal and rhombohedral unit cell of y9-rhombohedral boron. 
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O • .B in the Bgs unit 
Fig.5.7 BiQ-B-Bio unit inserted within the rhombohedral unit cell of 
^-rhombohedral boron. (Naslain 1977). 
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Fig.5.8 Schematic diagram of the structure of B^C. A 
three-atom carbon chain (denoted by three solid circles in 
the figure) is inserted in the cavity of a rhombohedral unit 
cell formed by six icosahedral clusters. 
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x-ray Sample 
Cu target {CuWoc) 
x- ray tube 
Fig.5.9 Schematic diagram of x-ray diffraction experiment. 
C, collimator; F, photoghraphic film; S, beam stopper. 
Fig.5.10 Schematic presentation of Bragg equation: 2d sin Q - n A. 
d = lattice spacing; 9 » Bragg angle. 
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s a m p k / / 
Fig.5.11 (a) Formation of diffraction lines of polycrystal. 
As shown in the figure, Bragg angle 0 - S / 4R. 
F, photographic film. 
Halos 工mage of the 
I \ beam stopper 
i \ 4-1 
^ S I — — > 
^ S 2 > 
Fig.5.11 (b) S in equation (5.2) is measured at about the 
middle of the halo as shown in the figure. 
F, photographic film. 
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Fig.5.12 X 
-ra_y diffraction pattern of our pure boron films deposited at 
300, 460, 540, 620 and 800°C. Four halos are recorded with d 
spacings ranging from 1. 3.6 to 4.5X, 2. 2.4 to 2.6X, 3. 1.6 to l . s K 
and 4. 1.3 to 1.4X. 
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Fig. 5.13 X-ray diffraction pattern of our B-Si films deposited at: T -
s 
460。C and [B2H^]/[SiH^]=5xlO^. Boron concentration in the film is 
86.5at.%.Three halos are recorded with d spacings ranging from 1. 3.8 
to 4.4X, 2. 2.4 to 2.8X, 3. 1.4 to l.sX. 
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Fig.5.14 X-ray diffraction, pattern of our B-Si films deposited at T = 
s 
460。C and [B^R^] / . Boron concentration in the film is 
71.1at.%.Four halos are recorded with d spacings ranging from 1. 3.8 to 
4.6X, 2. 2.5 to 2.9X, 3. 1.9 to 2. ll and 4. 1.4 to l.eK. 
7 5 
^ ： ― — ^ . ： ： B 
1 2 3 
Fig.5.15 X-ray diffraction pattern of our B-Si films deposited at T = 
s 
and [B2H^]/[SiH^]=5xl0'^. Boron concentration in the film is 
50.7at.%. Three halos are recorded with d spacings ranging from 1. 2.7 
to 3.3X, 2. 1.8 to 2.0X, 3. 1.5 to 1.7X. 
0 
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Fig.5.16 X-ray diffraction pattern of our B-Si films deposited at T = 
s 
o 3 
460°C and [B2H^]/[SiH^]=5xlO" • Boron concentration in the film is 
17.6at.%. Two halos are recorded with d spacings ranging from 1. 2.7 to 
3.6X, 2. 1.6 to 1.9K. 
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Fig.5.17 X-ray diffraction pattern of our B-Si films deposited at T = 
s 
620°C and [B2H^]/[SiH^]=5xlO^. Boron concentration in the film is 
92.Oat.%. Three halos are recorded with d spacings ranging from 1. 3.8 
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Fig.5.18 X-ray diffraction pattern of our B-Si films deposited at T = 
s 
620°C and [B2H^]/[SiH^]=5xlO"^. Boron concentration in the film is 
77 .Oat. %. Four halos are recorded with d spacings ranging from 1. 3.7 
to 4.8X, 2. 2.4 to 2.9K, 3. 1.7 to 2.0X, and 4. 1.3 to 1.5&. 
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Fig.5.19 X-ray diffraction pattern of our B-Si films deposited at T = 
s 
and [B^H^ ]/[SiH^]=5xlO" . Boron concentration in the film is 
42.5at.%. Two halos are recorded with d spacings ranging from 1. 2.7 to 
3.6X and 2. 1.6 to 1.9K. 
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(111) (220) (311) UOO) (331) 
Fig.5.20 x-ray diffraction pattern of our B-Si films deposited at T = 
s 
620。C and [B^H^]/[SiH^]=5xlO"^. Boron concentration in the film is 
9.0at:.%. The film has been crystallized. Five sharp characteristic 
lines are recorded with lattice spacings d = 3.11, 1.91， 1.63, 1.35 and 
1.24. These lines correspond to (111), (220), (311), (400) and (331) 
planes of single crystal silicon. 
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Fig.5.21 d spacings of our boron and B-Si films plotted against 
[B]/[B]+[Si]. 




Fig.5.22 X-ray diffraction pattern of a-Si films deposited by our LPCVD 
system at 580°C. Two halos are recorded with d spacings ranging 
from 1. 2.7 to 3.6X and 2. 1.6 to 1.9X. 
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Chapter 6 Infrared Absorption Experiment 
Infrared (IR) absorption is particularly sensitive to the 
vibrational modes between adjacent atoms. Therefore, it is an important 
method for investigating the atomic bonds in solid. The purpose of this 
experiment is to study the structure of our boron and boron-silicon 
films by analysing their IR absorption spectra. The effect of substrate 
temperature and silicon incorporation are investigated. It is found 
that some structural information can be obtained from these data in 
additional to that gained from x-ray diffraction experiment. 
A. Experimental Method: 
Preparation conditions of the samples used in this experiment with 
the corresponding sample number are listed in Table 6.1. Pure boron 
films deposited at different T between 300 to 800°C belong to the 
first vertical series (VI). Similarly, the vertical series V2, V3 and 
V4 contain boron-silicon films deposited at [B^H^J/fSiH^] =5x10^, 
- 1 - 2 
5x10 and 5x10 respectively with T as a variable. 
s 
There are three horizontal series, HI, H2 and H3, which contain 
boron-silicon films deposited at 300, 460 and 620°C respectively with 
gas phase ratio [B^H^]/[SiH^] as a variable. 
The influence of T^ on film structure can be studied by 
investigating the vertical series, while the influence of silicon 
incorporation can be studied by investigating the horizontal series. 
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[w 
[SiH ] o 9 -, i n n 
。 5x10 5x10 1x10 2x10 5x10 1x10 5x10 Pure 
T(C ) Boron 
800 B45 
620 SB50 SB51 SB52 SB53 B44 H3 
540 B53 
460 SB78 SB80 SB42 SB77 B50 H2 
B43 
380 B63 
3 的 B64 
300 SB137 SB131 SB135 SB130 SB133 SB134 B59 HI 
B42 
V4 V3 V2 VI 
Table 6.1 Deposition condition of boron films and 
boron-silicon films for IR absorption experiment. 
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IR absorption spectrum was taken by a double beam 
spectrophotometer (Unicam SPllOOES) with wavenumbers ranging from 500 
- 1 
to 4000cm . A simple block diagram of the instrument is shown in 
Fig.6.1. Samples for absorption measurement were prepared on n-type 
single crystal wafers as substrate. A piece of uncoated substrate is 
used in the reference beam. The intensity of IR beams passing through 
the sample and the reference wafer was measured and the difference in 
intensity was recorded. 
Interference occurs if the film thickness is comparable to the 
sample thickness due to multi-reflection within the film. If the 
refractive index n(A) is larger than that of the substrate, 
constructive interference occurs when the following equation is 
satisfied: 
2d = mA/n, (6.1) 
where d is the thickness of the sample, m is an integer and A is the 
wavelength of the incident beam. On the other hand, if n(A) is smaller 
than that of the substrate, the interference would be destructive. As a 
result of interference, absorption intensity fluctuates with a definite 
period when plotted against wavenumber 1/A. The period of fluctuation 
is determined by the following equation: 
A(l/A) = l/(2dn). (6.2) 
As an example, let us look at the IR absorption spectra of our pure 
boron films as shown in Fig.6.2. Intensity of the absorption spectra 
- 1 
above 2200cm for samples deposited at T between 300 and 460°C 
s 
fluctuates with constant periods. Furthermore. the undulation of 
8 6 
interference patterns are enhanced for samples with lower T . This can 
s 
easily be explained from the surface morphology of the samples (see 
chapter 7). Film surface of low T^ samples is smoother. The 
reflectivity is thus higher enhancing the effect of interference. So in 
this experiment, it is important to differentiate the true absorption 
bands from interference patterns. According to equations (6.1) and 
(6.2), the position and period of interference patterns in the 
absorption spectra against wavenumber can be changed by varying the 
thickness of the films, while the positions of the true absorption 
bands dose not. To achieve this purpose, the spectra of several samples 
prepared under the same deposition condition but with different 
thicknesses were measured and compared. 
B. Results: 
The IR absorption spectra of our samples are shown in Fig.6.2 to 
6.8. For the sake of clarity, the baseline of each spectrum was 
suitably shifted. From these figures, it is found that the most 
important features of the spectra are mainly reflected by the 
absorption bands at three regions. Region I is narrowest and is 
positioned at about 2560cm"^; region II is broad and ranges roughly 
from 1600 to 2200cm"^; region III is also broad and ranges from 600 to 
-1 
1250cm • All the absorption bands of our samples can be classified as 
band I, II and III which are falling into the three regions 
respectively. Band I and II can be attributed to hydrogen-related 
bonds, while band III originates from the vibrational modes of 
icosahedral clusters. The shape and range of band III can be slightly 
modified by the incoporation of hydrogen. However, it should be noted 
that all three bands can be observed only on samples deposited at low 
8 7 
Ts and high [B2H^]/[SiH^]. 
The absorption spectra of the samples of four vertical series VI 
(boron films), V2 ([B2H^]/[SiH^]=5xlO^), V3 ([B^H^]/[SiH^]»5xlO'^) and 
V4 ([B2H^]/[SiH^]=5xlO"^) are shown in Fig.6.2 to 6.5 with T^ as a 
variable. Generally speaking, increasing T makes the incorporation of 
s 
hydrogen into film structure more different. Therefore, the intensity 
of band I and II are reduced, and band III becomes flat and broader. 
The IR absorption spectra of the samples of three horizontal 
series of boron-silicon films, HI (T =300°C) , H2 (T =460°C) and H3 
s s 
(T =620°C) are shown in Fig. 6.6 to 6.8 with gas phase ratio 
[B2H6]/[SiH4] as a variable. A direct result of silicon incorporation 
into boron is to reduce boron concentration such that the intensities 
of all absorption bands related to the boron are reduced. 
C. Discussion: 
C.l Analysis of Boron Films: 
In this section, we concentrate on the T effect on the structure 
s 
of pure boron films by investigating the absorption spectra of the 
samples in series VI. 
C.1.1 Identification of Three Absorption Bands: 
For films deposited at T = 300。C, three absorption bands can be 
observed and are labeled by band I, II and III as shown in Fig. 6.2. 
These bands can be identified as follows: 
Band I 
-1 
Band I at 2560cm is sharp and can be attributed to B-H bonds 
(Tsai 1979, Blum et al, 1977), indicating that these films contain a 
conspicuous amount of hydrogen. 
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Band II 
Band II is broad ranging from 1600cm'^ to 2200cni'^. This band can 
be attributed to the three-center bonds formed by hydrogen and boron 
atoms similar to those in a diborane molecule. According to Lehmann et 
al. (1960, 1961)， diborane molecule has four absorption bands at 1602, 
1755, 1915 and 2109cm ^ corresponding to asymmetric in-phase mode, 
asymmetric out-of-phase mode, symmetric out-of-phase mode and symmetric 
in-phase mode respectively. These vibrational modes are shown in 
Fig.6.10 (a). So this band involves the presence of hydrogen atoms. 
Band III 
Band III occurs below lOOOcm'^. This band is closely related to 
the vibrational modes of icosahedral atomic cluster. This can be seen 
by comparing band III with the Raman spectra of dicarborane and a-R 
boron, (Shelnutt et al. 1986), and the IR absorption spectrum of fi-R 
boron (Golikova et al. 1969). Dicarborane (C^B^^H^^) is a molecule 
consisting of an inner icosahedron of 10 boron atoms with 2 carbon 
atoms and 12 outer hydrogen atoms connecting to each B atom 
respectively. With the carbon atoms located at adjacent vertices of the 
icosahedron the molecule is called o-carborane. It is regarded as a 
good candidate for studying the vibration modes of an isolated 
icosahedron. The Raman spectrum of dicarborane molecule (Fig.6.11) 
consists of bands at 475, 584, 726, 773, 918, 986 and 1140cm"^ (2629 
- 1 
and 3066cm are related to B-H and C-H bonds respectively and are not 
relevant in the present analysis). The Raman spectrum of a-R boron 
reported (Fig.6.12) shows bands at 215 (weak), 524, 586, 691, 7 7 4 , 793, 
870, 930, 1121 and 1184cm"^. IR absorption spectrum of ^ - R boron 
reported by Golikova et al. (1969), shows absorption bands at 485, 550, 
8 9 
614, 680, 768, 848, 925 and 1235cm"^(Fig.6.13). Although the skeletons 
of icosahedra in a-R and ^-R boron are different from each other 
(see chapter 5) , their spectra are quite similar to the Raman spectra 
of o-carborane between 500 and 1200cm" . This leads one to suggest that 
these bands comes from the B^^ icosaheral structure which are common in 
these materials, while inter-icosahedral bonds can only have minor 
influence. Comparing these spectra with Band III of our boron film 
deposited at 300°C, it is found that band III almost covers all these 
bands, except the bands with wavenumber > lOOOcm'^. They are the 
- 1 
1140cm (weak) band of the dicarborane Raman spectrum, 1121 (weak) and 
-1 
1184cin (medium) bands of the a-rhombohedral boron Raman spectrum (the 
- 1 
band at 215cm is out of the range of our measurement), and the band 
- 1 
at 1235cm of the ；9-rhombohedral boron IR absorption spectrum. 
Therefore, band III is attributed to the vibrational modes of B^^ 
icosahedron. Thus, we can conclude that B^^ icosahedral clusters exist 
in our pure boron films. This result is consistent with that obtained 
from x-ray diffraction experiment (see chapter 5). 
The spectra of crystalline boron have sharp characteristic bands 
(Fig. 6.12 and 6.13) while that of our boron films do not. Since our 
boron films are amorphous, we expect that band III is formed by 
broadening and mixing up of the sharp bands of crystalline solids, a 
situation analogous to the Debye-Scherrer diffraction pattern for 
amorphous samples. 
As shown in Fig.6.2, band III for the film deposited at 300。C has 
a dip at about 780cm"^. We may assign this dip to the B-B streching 
mode across double-hydrogen bridge as in B^H^ molecule at 788cra"^ 
(Lehmann et al. 1961). This vibrational mode is shown schematically in 
Fig.6.10(b). Due to the incorporation of hydrogen, the vibrational 
90 
modes of the icosahedral clusters are slightly modified. So is the band 
shape. This argument is further supported in high T samples where 
•5 
hydrogen concentration is much less (see next section). 
C.l.2 Effect of Substrate Temperature: 
Raising T decreases hydrogen content in the films. As shown in 
Fig.6.2, the strength of bands I and II and of the dip at 780cm"^ drops 
and finally vanishes when T^ is increased from 300 to higher than 
460°C. This indicates that hydrogen content is highest at the lowest T 
s 
and becomes negligibly small at T > 540°C. At the same time, the dip 
-1 
near 780cm also becomes smaller with rising T . This indicates a 
iS 
decrease of B-B stretching mode across double-hydrogen bridges as less 
number of hydrogen atoms are added to the boron network. The result is 
consistent with the behaviour of band I and II. 
The second effect of rising T is the broadening of band III. As 
iS 
Tg is raised to 800°C, the band extends beyond lOOOcm"^ to about 
1250cm such that the range of this band covers all the known bands of 
Raman spectra of dicarborane and a-boron， and the IR absorption 
spectrum of ^-R boron. This means that the structure of boron film with 
higher T^ further approaches that of crystalline boron. 
Although IR experiment shows that hydrogen content of boron films 
strongly depends on T^, but their x-ray diffraction patterns are the 
same and are not sensitive to the presence of hydrogen. It is because 
the atomic scattering factor of boron is much higher than that of 
hydrogen (the ratio is 5 to 1 at = 0) . Furthermore, we believe that 
the x-ray diffraction patterns of boron films is to come from the 
skeleton of B^^ icosahedron similar to that of a-R boron (see Chapter 
5), so it is reasonable to conclude that the presence of hydrogen do not 
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alter icosahedral network forming the boron films. 
C.2 Analysis of Boron-Silicon Films: 
In this section, both the effects of substrate temperature and 
silicon incorporation on the structure of boron-silicon films will be 
investigated. 
\ 
C.2.1 Effect of Substrate Temperature: 
The effect of substrate temperature on the film structure is shown 
in the IR absorption spectra of series V2, V3 and V4 (Fig.6.3 to 6.5). 
The major effect of rising T is to reduce hydrogen incorporation. We 
iS 
follow the method of analysis on pure boron films. 
1. The strength of band I at 2560cm"^ related to stretching mode 
of B-H bonds, and band II related to B-H-B bridge bonds at 1602, 1755, 
1915 and 2109cm (Fig.6.10(a)) decreases and finally vanishes when T 
s 
is higher than 460°C. This implies a decrease of hydrogen 
concentration with rising T . 
s 
2. For films with lower T band III related to the icosahedral 
o 
clusters has a dip at about 780cm"^. The dip has been attributed to the 
B-B streching mode across double-hydrogen bridge. When T is raised to 
s 
higher than 460°C, the strength of the dip decreases and finally 
vanishes. This result can also be explained by the decrease of hydrogen 
concentration at higher T . 
s 
3. When T^ is raised, band III becomes flat and is broadened to 
about 1250cm"^ (Fig.6.4 and 6.5). The band thus covers all absorption 
bands of crystalline boron. This shows that the structure of films with 
higher T is closer to that of crystalline boron. 
o 
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C.2.2 Effect of Silicon Incorporation: 
As more silicon is added by decreasing [B^H^]/[SiH^], the relative 
concentration of boron in the films decreases. As a result, all 
absorption bands related to boron are reduced. The absorption spectra 
of samples in horizontal series H^ and H^ (Fig. 6.6 and 6.7) show that 
the strength of band I related to the stretching modes of B-H is 
decreased when [B-H.]/[SiH, ] decreases. Furthermore, for 460°C T 
/ o 4 s 
samples, the dip in band III at about 780cm"^ for films with 
[B^Hgj/fSiH^] > 5x10^ becomes flat and finally vanishes. This dip has 
been attributed to the B-B strectching mode across the hydrogen-bridge 
mode. This again indicates that the incorporation of silicon causes the 
reduction of boron atoms and thus reduce the atomic bonds between boron 
and hydrogen atoms. 
By using Fourier transform infrared absorption spectrophotometer 
(FTIR), the absorption spectra of 460°C T boron-silicon films of 
s 
13.5at.% silicon ([B2H^]/[SiH^]=5xlO^, SB77 in Table 6.1) and ^ - R boron 
are compared as shown in Fig. 6.9. One can see that the subtle feature 
of band III of the boron-silicon film is quite similar to that of fi-R 
boron. We have assigned this band to come from vibrational modes 
relating icosahedral clusters. Thus we conclude that the silicon 
incorporation at this level cannot influence the boron sturcture very 
much. 
For film deposited at T^=620°C and at [B2H^]/[SiH^]=5xlO"^, no IR 
beam can be transmitted through the sample within the range 400 to 
- 1 
4000cm . X-ray diffraction shows that the film deposited at T _620°C 
s 
and at [B^H^]/[SiH^]=5xlO" are polycrystalline. 
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c.2.3 Existence of Icosahedral Clusters: 
From Fig. 6.8, it is found that for 460°C T sample of 17.6at.% 
s 
boron (SB78) , band III can still be observed. This means that 
icosahedral clusters are quite easily formed though it is expected that 
some of the boron atoms within the icosahedral clusters are now 
replaced by silicon atoms. However, x-ray diffraction shows that this 
film has a structure close to that of a-Si (see chapter 5) while the 
icosahedral network no longer exists. The presence of band III can only 
suggest that the film contains icosahedral clusters which are now 
distributed evenly throughout the whole sample. So only an x-ray 
diffraction pattern close to that of a-Si can be detected. Due to the 
formation of these icosahedral clusters, it is quite possible that 
additional electronic gap states would be introduced and greatly 
influence the electrical properties of the films. One may ask the 
question whether the icosahedral clusters still exist when boron 
concentration is at very low level. This question is important for the 
understanding of the doping mechanism of a-Si films prepared by thermal 
and plasma enhanced CVD method. One expects that the strength of this 
band for films with very low boron concentrations will be very small. 
More sensitive instrument such as Fourier transform IR 
spectrophotometer will then be needed for this experiment. 
C.3 Comparative Study of Deposition Mechanism Between Thermal CVD 
Method and Glow Discharge Method: 
In this section, we will try to point out the major differences 
between the deposition mechanism of the thermal CVD method and that of 
glow discharge method in a silane-diborane system. This discussion is 
based on the results of IR absorption experiment and composition 
9 4 
anslysis (chapter 4). The major difference we wish to point out is that 
in a thermal CVD system, chemical reactions are essential in the 
formation of solid films, while in a glow discharge system, energetic 
collisions of molecules are more important. 
Investigation of Si-H Bonds: 
IR absorption spectra of the silicon-boron films prepared by glow 
discharge method are shown in Fig, 6.14 (a), (b) , (c) and (d) for 
comparison (Tsai 1978). Fig. 6.14 (a) and 6.14 (b) show the IR 
absorption spectra of films deposited at T = 2 5 and 270°C respectively 
s 
with substrates placed at anode during deposition (designated as A(25) 
and A(270)) . Fig. 6.14 (c) and (d) show the spectra of the films 
deposited at 270 and 25°C respectively but with the substrates placed 
at the cathode (designated as C(270) and C(27)). X represents the 
s 
fraction of boron within the reactant gas during the deposition, i.e., 
X =[B]/( [B] + [Si]) . In each figure, it is shown that when boron 
S g貼 
concentration is increased, the strength of the band at 2560cm"^ 
related to B-H stretching mode also decreases consistent with our 
result. On the other hand, the strengths of bands at 2000-2100， 890, 
- 1 
840 and 650cm related to Si-H bond increase correspondingly. This 
shows that although B-H bonds are reduced by decreasing boron 
concentration, Si-H bonds are formed instead such that the films still 
contain a certain amount of hydrogen. On the contrary, no Si-H 
absorption band can be observed on thermal CVD method silicon films. 
This indicates that in thermal CVD method, silicon incorporation not 
only reduces the amount of B-H bonds, but can even exclude the hydrogen 
from the samples. This result shows the difference between the 
deposition mechanism between the glow discharge method and thermal CVD 
9 5 
method. Consequently, the compositions and structures of the films 
prepared by these two methods can be quite different. One concludes 
that by thermal CVD method, the deposition process is dominated by 
thermally activated reactions in which Si-H bonds tend to be excluded. 
On the other hand, in the glow discharge method, the dissociation of 
the reactant gas molecules is mainly influenced by energetic collisions 
of molecules and the Si-H bonds tend to be retained. 
Investigation of Si Incorporation Efficiency: 
Incorporation efficiency of silicon rj, can be defined as: 
(Nc./NJ T ., 、Sl' B^solid .r ox 
T) = (o . i； 
( N s i / V g a s 
where . is the number of silicon atoms and is the number of boron 
Si o 
atoms. The subscripts "solid" and "gas" represent the values counted in 
solid film and gas mixture within the reactor during deposition. Note 
that the reciprocal of this value is widely used for the discussion on 
the dopant efficiency of a-Si films (Howard et al. 1987). A comparison 
of ry as a function of [B]/[Si] ^ ^^ between our samples at T^ = 460°C and 
that prepared by glow discharge method at T = 300°C is shown in 
Fig.6.15. The data for glow discharge films are taken from Tsai (1979). 
For our films, ” is a strong function of [B]/[Si] ^ ^^. When the value of 
[B]/[Si] is small, rj is small. When the value of [Bl/rSil is 
gas gas 
increased, rj increases rapidly indicating that diborane molecules can 
enhance the decomposition of silane molecules resulting in an increase 
of the Si incoporation effeciency in the solid films. It is possible 
that the enhancement originates from some of the thermally activated 
chemical reactions in the whole thermal CVD process. For glow discharge 
9 6 
method, rj remains around 1.4 to 1.5 for the values of [B]/[Si 1 
L " L gas 
ranging between 0.2 and 39. This result indicates that the deposition 
process of glow discharge at T = 270°C is quite different from that of 
s 
thermal CVD method and is dominated by energetic collisions between the 
reactant gas molecules. 
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Fig.6.1 Schematic diagram of a double beam 
spectrophotometer. 
F, sample on silicon wafer； R, silicon wafer for reference； 
H, motor； A, amplifier； D detector； MC, monochromator； S,. 
infrared light source; RC, recorder. 
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Fig.6.2 IR absorption spectra of boron films deposited at 
different: T^. Three absorption bands labeled as I, II and 
III can be identified. 
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Fig.6.3 IR absorption spectra of boron-silicon films 
deposited at [B^H^]/[SiH4]=5xlO。 and at T^ = 300。C (SB134); 
460°C (SB77) and 620。C (SB53). ^ , 
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Fig.6.4 IR absorption spectra of boron-silicon films 
deposited at [B2Hg]/[SiH^]=5xlO"^ and at T » 300°C 
(SB130); 460°C (SB42) and 620°C (SB52), 
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Fig.6.4 IR absorption spectra of boron-silicon films 
deposited at [B2H^]/[SiH^]=5xl0'^ and at T - 300。C 
(SB130); 460°C (SB42) and 620°C (SB52). 
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Fig.6.6 IR absorption spectra of "boron-silicon films 
deposited at T^=300°C and [B^H^]/[SiH^] at: 
1. 5xlO°(SB134); 2. 1x10。 (SB133); 3. 5x10"^ (SB130)• 
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Fig.6.r IR absorption spectra of boron-silicon films 
deposited at T =460°C and [B。HJ/[SiH, ] at: 
S Z D A-
1. 5x10° (SB77); 2. 5x10-1 (SB42); 
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Fig.6.8 IR absorption spectra of boron-silicon films 
deposited at T,620°C and [B^H^j/fSiH^] at: 
1. 5x10° (SB53)； 2. 5x10-1 ( s b52). 
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Fig.6.9 Comparision of the IR absorption spectra of 1. 
boron-silicon film deposited at T =460°C and 
0 s 
[B2Hg]/[SiH^]=5xlO and 2. /3-R boron. 
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Fig.6.10 (a) The bridge stretching vibrations in a diborane 
molecule: (1) symmetric in-phase (wavenumber = 2109cm"^); (2) 
symmetric out-of-phase (wavenumber = 1915cm"^); (3) asymmetric 
in-phase (wavwnumber = 1602cm"^) ; (4) asyirunetric out-of-phase 
(wavenumber = 1755cm'^). 
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Fig.6.10 (b) The B-B stretching mode across d o u b l e - h y d r o g e n 
bridge in diborane molecule ( w a v e n u m b e r - 7 8 8 c m ' . 
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Fig.6.11 Raman spectrum of o-carborane obtained with 
413.1-nin excitation using a krypton ion laser (Shelnutt et 
al. 1986). 
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Chapter 7 Microhardness and Surface Morphology 
Nowadays, protective coatings have a large amount of applications. 
Great effort has been put on finding new materials and new methods for 
preparation of protective coatings. Besides being hard, a good 
protective coating must have a good adhesion to the substrate. For most 
cases, it is further required to have a good chemical resistance and 
high stability. As an example, a-carbon has attracted considerable 
attention because it is hard and transparent (Whitmell 1976, 
Weissmantel 1979). 
Boron and its compounds have attractive application potential due 
to their large microhardness and strong chemical resistance. For 
example, the Vickers hardness number of boron nitride (BN) can reach 
7500 K g f / 丽 2 (wyatt 1974) and is highly chemical resistant. In this 
chapter, we first describe the experimental technique of measuring the 
Vickers hardness number (VHN) of thin film in section A. The results of 
Vickers hardness test and surface morphology of pure boron films and 
boron-silicon are reported in section B and C respectively. The effect 
of substrate and silicon incorporation into boron are discussed 
accordingly. 
A. Measuring Techniques: 
There are many kinds of hardness test for materials, for example, 
Vickers test, Knoop test and Brinell test. In this experiment, we used 
the Vickers test to study the microhardness of our samples. 
Generally speaking, to measure the hardness of a material, an 
indentor is pressed into the material surface with a load P (Kgf). The 
indentor consists of a small piece of diamond in the shape of a pyramid 
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as shown in Fig.7.1. The angle between two opposing surfaces is 136°. 
An impression is thus formed on the surface of the material (Fig.7.2). 
If the area of the impression is equal to A(mm^) , then the Vickers 
hardness number of the material is defined as: 
VHN = P/A (Kgf/mm^). ( 7 . 1 ) 
By a simple derivation, Vickers hardness number can be written in the 
form: 
VHN = 1.854 X (Kgf/mm^) , (7.2) 
d 
where d is the diameter of the impression. If P and d are m e a s u r e d in 
the units of gf and i^m respectively, then the expression becomes: 
V H N = 1 8 5 4 X — ^ ( K g f / 腿 2 ) . ( 7 . 3 ) 
d 
Actually, when the indentor is pressed into the material, the 
sample is plastically deformed around the indentor. If the sample is a 
bulk one, the sample thickness is sufficiently large such that 
equations (7.1) to (7.3) can be applied directly. In case of thin films 
deposited on glass or single crystal silicon substrates, it is possible 
that the plastic deformation extends from the sample into the substrate 
(Fig.7.2). Then VHN cannot be obtained directly from equation (7.2) or 
(7.3), because the reading is now biased by the substrate. One widely 
accepted criterion for microhardness measurements of thin films 
(Weissmantel 1979, Whitmell 1976) requires the indentation depth to be 
smaller than 10% of the film thickness, before the substrate influence 
can be disregarded. 
Preliminary test has been done in order to verify the validity of 
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this criterion in our case. Results are shown in Fig.7.3 and 7.4. In 
Fig. 7.3, the VHN of two pure boron films of thicknesses 6 and 8.5/im 
deposited at 300。C are plotted against D/t, where D is the indentation 
depth and t is the film thickness. One can see that the curves remain 
flat and fixed around 1300(Kgf/mm^) when D/t < 0.15. When D/t is larger 
than 0.15, the curves eventually approach the VHN of the substrate. 
Results on 620。C samples (Fig.7.4) also show that VHN remained 
unchanged until D/t is larger than 0.15. However, the data points drop 
quickly when D/t > 0.15 and reach the VHN of the substrate. The 
thickness sample is too thin such that all its data points lie near the 
substrate VHN values. We conclude that D/t must be kept under 0.15 in 
order to obtain the true VHN of a film. This result roughly agrees with 
the generally accepted criterion mentioned above. 
B. Microhardness Measurement: 
B.l Boron Films: 
The VHN values of boron films are plotted as a function of T in 
Fig.7.5. Films with T^ below 400。C are relatively soft. VHN increlses 
gradually with T^. As an example, film with T^ = 300。C has a VHN = 
1300 (Kg W ) . From IR absorption spectra, these films have high 
hydrogen content. It is expected that the incorporated hydrogen atoms 
can influence the structure of boron icosahedral clusters within the 
films. So it is possible that hydrogen atoms can weaken the linkage of 
boron atoms and soften the films. 
When Ts is higher than about 400。C, VHN increases sharply. IR 
measurements show that the hydrogen content of these films is small. 
Thus there is a concomitant rise in VHN with the decrease of H content. 
At Ts = 620。C’ VHN is around 3800(Kgf/mm^) which is the hardest sample 
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that we have measured among our samples. This value is however still 
smaller than the bulk value of crystalline boron (5000 Kgf/mm^) 
(Greenwood 1973). For T^=800°C, film surface becomes too rough for any 
microhardness measurement (see section C). 
B.2 Boron-Silicon Films: 
The VHN of two series of B-Si films with various boron 
concentrations deposited at 460 and 620。C are shown respectively in 
Fig.7.6. In the figure, data points of 460。C and 620。C samples are 
denoted by "A" and "。" respectively. For films deposited at 460。C, VHN 
drops from 2500 Kgf/mm^ (VHN of 460^C boron film) to 1000 Kgf/mm? when 
boron concentration C^ is equal to 17.6 at.%. For films deposited at 
620。C, VHN drops from 3800 Kgf/nim^ (VHN of 620。C boron film) to about 
1000(Kgf/mm^) when C^ is smaller than 42.5 at.% • Therefore, we can 
conclude that the films are softened when silicon is incorporated into 
boron network. 
C. Surface Morphology： 
C.l Boron Films: 
The surface morphology of boron films deposited at 800, 620， 540, 
460’ 380, 340 and 300。C are shown in Fig.7.7 to 13 respectively. 
For films deposited at 800。C, the surface is rough (Fig.7.7 (a) 
and (b)). One can see in Fig.7.7 (b) that some heaps are formed. Due to 
this roughness, it is very difficult to measure the microhardness of 
these films because indentation cannot be easily recongized. 
Furthermore, this reduces the surface reflectivity. As a result, there 
is no undulation in their IR absorption spectra c a u s e d b y 
multi-reflection within the films (see Chapter 6). When T is lowered, 
s , 
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the heaps disappear and the surface of the films becomes smoother 
(Fig.7.8 to 7.13). A higher reflectivity of the films results and 
causes interference in IR absorption spectra. 
According to the appearance of the heaps for the high T samples, 
•S 
it is suggested that one of the effects of rising T is to facilitate 
3 
migration of boron atoms to form clusters during deposition. 
C.2 Boron-Silicon Films: 
The surface morphology of 620°C boron-silicon films is shown in 
Fig.7.14 to 7.17 with [B^H^j/fSiH^] as a variable. 
The films is smoothened by increasing silicon incorporation. The 
film of 42.5at.% boron ([B^H^]/[SiH^]=5xlO-2) is smoothest in this 
series. But when boron concentration is further decreased to 9at.% 
([B2H^]/[SiH^]=5xlO"^, the surface becomes rough again. X-ray 
diffraction shows that this film has already crystallized. This leads 
one to suggest that surface roughness is due to formation of small 
silicon crystallites in the samples. One may notice that some tiny 
holes exist on the film surfaces in Fig.7.14 and 7.16 while such holes 
do not exist in Fig.7.17. This indicates that although the surfaces of 
the films of 92 and 9at.% boron ([B^H^]/[SiH^]=5xlO^ and 5xl0"^ 
respectively) are both rough, the film structure is quite different. In 
the former case, migration of boron atoms to form large clusters are 
enhanced and these clusters dominate the feature of surface morphology. 
In the latter case, crystallization of silicon become important and the 
roughness of film surfaces is mainly due to the crystallites in the 
samples. 
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Fig.7.1 The pyramidal indentor used in the measurement of 
microhardness on the Vickers scale. 
Plastic 〜 
\ T deformation 
Fig.7.2 Formation “ of plastic deformation of the samples 
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Fig.7.3 Vickers hardness number (VHN) of pure boron film 、. 
deposited at T =-300°C plotted against D/t, where D is the 
indentation depth and t is the film thickness, 
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F:Lg.7.。7(a) Surface morphology of pure boron films deposited 
at 800°C. The separation between two scale lines is 25;im 
Fig 7.。7(b) Surface morphology of pure boron films deposited 
at 800 C. The separation between two scale lines is 
121 
• 
Fig。. 7.8 Surface morphology of pure boron films deposited at 
620。C. The separation between two scale lines is 25pm 
• 
Fig.7.9 Surface morphology of pure boron films deposited at 
540 C. The separation between two scale lines is 25/xm. 
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Fig.。7.10 Surface morphology of pure boron films deposited at 
460。C. The separation between two scale lines is 25;.ni. 
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Fig二7.11 Surface morphology of pure boron films deposited at 
380 C. The separation between two scale lines is 25;.ni. 




Fig.7.14 Surface morphology of boron-silicon film deposited 
at 620。C and of [B^H^]/[SiH^]-5xlO^ The separation between 
two scale lines is 25/im. 
• 
Fig.7.。15 Surface morphology" of boron-silicon film deposited 
at 620°C and of [B』，l/rSiH rur. , 
L 二X丄U • The separation between 
two scale lines is 25;xm. 
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Chapter 8 Optical Absorption Experiment 
A. Introduction: 
Knowledge about the optical absorption spectrum from visible to 
near infrared range is very important both for the basic 
characterization and application of a semiconducting material. Through 
the analysis of the absorption spectrum, one can get information about 
t:he density of states (DOS) including band gap energy, band shape and 
gap states which are very important for the interpretation and 
understanding of the macroscopic properties of the material. In the 
aspect of application, absorption measurement is also widely used for 
diagnostic purposes for materials used in the fabrication of devices. 
For example, one of the important goals of the research on a-Si is to 
reduce the sub-gap states in order to improve the transport properties 
for the preparation of solar cell. This relies so much on the 
determination of DOS through the measurement of optical absorption. 
Nowadays, a number of techniques of measuring optical absorption, such 
as photoconductivity spectroscopy (PCS) (Moddel et al 1980, Wronski et 
al 1982), photoacoustic spectroscopy (PAS) (Tanaka 1982) and 
photothermal deflection spectroscopy (PDS) (Jackon,W.B. 1982, Curtins 
1988) have been developed. 
Among various kinds of boron polymorphs, ^-R boron is the only one 
that can be obtained from melt and can be prepared in suitable size for 
electrical investigation (Prudenziati 1977), and thus attracts most 
attention. Jaumann and Werheit (1969) reported the optical absorption 
spectrum of ^-R boron. The spectru. can be explained by a .odel 
involving transitions between extended states, and between localized 
states and extended states. It is suggested that the localized states 
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are introduced intrinsically by the complex lattice of ^ - R boron, and 
should be differentiated from those caused extrinsically by defects, 
disorder and impurities etc. Results of optical absorption measurements 
of amorphous boron prepared by glow discharge (Dimmey et al. 1981) and 
LPCVD (Bagley et al 1980) methods have been reported. It was shown that 
the optical gap of amorphous boron highly depends on the deposition 
temperature and thus the hydrogen concentration in the samples. Tsai 
(1979) also reported the absorption spectra of amorphous boron and 
silicon-boron films prepared by glow discharge method. 
In this experiment, the optical absorption from visible to 
near-infrared region of our pure boron films and boron-silicon films 
are measured by a double-beam spectrophotometer. The spectra are then 
deconvoluted by assuming appropriate band models. The information on 
DOS and the influence of substrate temperature and silicon 
incorporation are investigated. The results are discussed and compared 
with the reported data mentioned above. 
B. Theory of Optical Absorption: 
When a light beam of intensity I。is incident on a material of 
thickness x, the intensity of the light beam after passing through the 
sample is: 
丁 T - a x 
I = 工 。 e , ( 8 . 1 ) 
where a is defined as the absorption coefficient of the material at 
that frequency r/. For a semiconducting metarial, when the incident 
photon energy hiv is smaller than the optical gap E , a is small and the 
g 
material is considered to be transparent. However, when hiy is larger 
than Eg, a will increase rapidly. As a result, the absorption spectrum 
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can reflect the subtle configuration of DOS of the material. This 
provides a possibility to get information on the band structure of a 
semiconductor. In this section, we summarize the theory of optical 
absorption of crystalline and amorphous materials respectively. 
B.l Absorption of Crystalline Materials: 
An incident photon can be absorbed by a material through an 
electron transition from a lower energy state to a higher energy 
state. For a crystalline material, conservation of energy and 
k-conservation selection rule must be obeyed simultaneously during the 
absorption. According to the configuration of the energy band, there 
are two kinds of possible transitions, namely, direct transition and 
indirect transition. 
Direct Transition: 
Direct transitions occur in a crystal having a direct gap as 
shown in Fig.8.1. The maxima of the valence band is positioned directly 
beneath the minima of the conduction band in an E-k diagram. 
Conservation of energy requires： 
Ef = h 卜 | E J ， (8.2) 
where E^ and E. are the energy of the final and initial states of the 
excited electron (Fig.8.1). It is because that there is no phonon 
participating in the transiton and the momentum of the incident photon 
is negligible compared with those of the electron, the k-conservation 
selection rule can be written as: 
K ^ (8.3) 
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where t and t' are the wave vectors of the electron wave functions at 
the initial and final states. After detailed calculation (Wooten 1972), 
it can be shown that if the energy band is parabolic, i.e., the DOS of 
valence band being proportional to V -E and that of the conduction 
band proportional to V E-E (the energy at the top of the valence band 
s 
is taken as the reference point and is set to be equal to zero) , then 
the absorption coefficient is: 
a (hi/) a V~hi/ -E (8.4) 
S • 
Therefore, by measuring the absorption spectum and by plotting a^ 
against incident photon energy, one can verify the transition mechanism 
and find the energy gap E of the material. 
s 
Indirect Transition: 
Indirect transition, occurs in semiconductors having indirect gap, 
in which the bottom of the conduction band and the top of the valence 
band do not correspond to the same k (Fig.8.2) . This kind of 
transitions involves absorption or emission of phonon when the incident 
photon is being absorbed. Conservation of energy requires now: 
Ef - | E j + E , h^, (8.5) 
where E^ is the energy of the phonon involved. "+" and refer to 
emission and absorption of a phonon. The k-conservation selection rule 
is now written as： 
^ t q = 0, (8.6) 
where q is the wave vector of the phonon. It has been assumed that the 
momentum of the incident photon can be neglected, 
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In the case of direct transition, there is only one final state in 
conduction band corresponding to an initial state. However, for 
indirect transition, an electron from an initial state can be excited 
to any states in conduction band which are allowed by equations (8.5) 
and (8.6). After considering all possible transitions, the absorption 
coefficient can be written as a sum of two terms: 
a(hi/) = a^(hi/) + a^(hi/) , (8.7) 
where ajhi.) and are the absorption coefficients involving 
absorption and emission of phonons respectively. These expressions are: 
A (hi/ - E + E )2 
a = g P 
a “ (8.8) 
- 1 
A (hi/ - E -E )2 
a = g P 
e ： “ (8.9) 
1- exp(-E A T) . 
P b 
1 
The factor exp(E /k T) -1 '' Proportional to the propability of the 
P B 
phonon state E being occupied, while the factor • 
1_ exp(-E /k T) 
p B 
proportional to the probability of the phonon state being empty. 
At high temperature, a^ is more important while a dominates at 
lower temperature. As shown in Fig.8.3, one can find E^-E^ and E +E by 
plotting ^ against incident photon energy h.. The optical E ^^and 
phonon energy E^ can thus be obtained. ^ 
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B.2 Optical Absorption of Amorphous Materials: 
In a non-crystalline material, the variation of wave vector Ak of 
an electron wave function is comparable to k itself. As a result, the 
k-conservation selection rule is relaxed (Mott 1971). Therefore, all 
pairs of states with energy difference equal to incident photon energy 
have contributions to a (except those both final and intial states are 
localized). Starting from time perturbation theory, it can be shown 
that absorption coefficient a(hi/) can be written as (Mott 1971): 
2 e^ h^ Q |D|2 
a ( h。 = f(E) g (E) (l-f(E+h")) g A E + h u ) dE (8.10) 
n c m w J ^ » 
o 
where g^(E) and g^CE+hi.) are the functions of DOS at initial and final 
states respectively, f(E) is the Fermi-Dirac distribution, 0 is the 
volume of the specimen, n。is the refractive index, m is the electron 
mass，and D is the matrix element of the operator — ~ ~ . 
d x ‘ 
D ] - f i r 〜 d x 3 . (8.11) 
The functions g^ and g^ contain all energy states including 
extended states and localized. As an example, let us consider the 
energy band model of amorphous semiconductor suggested by Tauc (1974) 
as shown in Fig. 8.4. The energy states above E and below E are 
c V 
extended states. E^ is the optical gap. E。 and E^ are mobility edges. 
All the electron states between E^ and E^ are localized. In this model, 
the gap states consist of both the valence-band tail states and 
conduction-band tail states. 
One can see that the optical absorption coefficient a(hu) is 
closely related to DOS by the integral equation (8.10). The integration 
1 3 2 
in equation (8.10) is so general that it counts all possible electron 
transitions between energy states separated by photon energy hi.. 
However, in order to analyze experimental absorption spectrum, 
transitions between different kinds of electron states must be 
considered separately. Electron transitions can be divided into two 
classes, namely, transition between extended states; and transition 
between extended states and localized states. 
Transition Between Extended States： 
If the incident photon energy is higher than E , then electrons 
g 
can be excited from extended states below the mobility edge of valence 
band to the extended states above the molibility edge of conduction 
band. According to Mott (1971), D is assumed to be the same for all 
transitions between extended states and can be expressed as: 
n , a ,1/2 
where a is the average lattice spacing. From equation (8.10), one can 
obtain the expression of the corresponding a(hi/)： 
- . 2 2 , 2 
^ TT e h a 
a(h") = 2 J 〜 ⑷ N ( E + h…dE , (8.12) 
n c m ⑴ J c , 
o 
where N^ and N^ are the DOS of the extended states of valence band and 
conduction band respectively. 
Particularly, if the energy bands are parabolic, i.e., 
V E ) (-E)1/2 (8.13) 
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and Nc(E) = A^ (hi/ - E + E ) l " (8.14) 
s , 
then the result of integration of equation (8.12) would be: 
hi/ a(hi/) = B (hj/ - E (8.15) 
g 
2 2 3 冗 e h a A A 
where B == v c 
0 2 o n c m 
o 
At the region of higher hi/, this transition mechanism dominates. 
This corresponds to region A in Fig.8.5. In the plot of V hiy a(hu) 
against hi/, the extrapolation of the curve at high hu region intercept 
the hi/ axis at the value of optical gap E • 
s 
Transition Between Extended States and Localized States: 
Another kind of transitions involves those from localized states 
to extended states or vice versa. It is well known that the density and 
distribution of localized states of amorphous materials depends highly 
on the preparation methods. As an example, we consider the electron 
transitions from the occupied valence-band tail states to the 
unoccupied extended states in conduction band in Tauc's model (1974) as 
shown in Fig. 8.6. An electron is excited from a tail state to 
conduction band by absorbing a photon with energy hi.. The absorption 
coefficient can be written as: 
. 2 2 , 2 
z TT e h a p 
。 （ “ = … m 2 ⑴ gt:ail(E) dE , (8.16) 
O 
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where and N^ are the functions of DOS of tail states and 
conduction band respectively. If N has the form of equation (8.14) and 
c 
gtail has an exponential form: 
Stail = \ a i l exp(-E/E。）， （ 8 . 1 7 ) 
then the result of integration of equation (8.16) is: 
hi/ a(hi/) a exp ( hi/ / E ) . (8.18) 
O 
This corresponds to the region B in Fig.8.5. 
Finally, it should be noted that the spacial overlap of two 
localized states is so weak such that the matrix element |D| in 
equation (8.10) can be neglected. As a result, the contribution of 
electron transitions between pairs of localized states to the 
absorption coefficient is negligibly small. 
C. Results: 
C.l Boron Films: 
The optical absorption spectra of our boron films deposited at 
various substrate temperature (T ) are shown in Fig.8.7. For all cases 
s 
a drops with decreasing hi/. This shows that an optical gap exists in 
our samples. Thus all our boron films are semiconductor. 
As shown in the figure, a for all curves is still very high of an 
3 -1 
order of 10 cm even at the lower measuring limit of our 
spectrophotometer (0.6eV). This indicates that DOS corresponding to 
such low hi/ transitions is still high. 
Optical absorption with photon energy hi/ > 0.9eV increases 
monotonically with increasing T^. In the region of hi/ < 0.9eV, the 
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curves for higher T^ drop steeper with decreasing hi/. This is expected 
to be related to the subtle feature of the band tail states. 
In Fig. 8.8, V hi^a is plotted against h". It is found that almost 
all the spectra are slightly curved at high hi. region. According to 
equation (8.15), it can be concluded that the band shape of extended 
states slightly deviates from a parabolic form. Optical gaps E is 
g 
estimated by extrapolating the higher hiy portions of the curves. The 
estimated values of E^ are shown in Fig.8.9 (represented by filled 
circles). It is found that E of the films is almost unchanged when T 
° s 
is higher than 460。C and is about 0.78eV. When T is lower than 460°C, 
s 
Eg increases rapidly and reaches about 1.4eV at T =300。C. We suggest 
that the increase of E^ at lower T^ is due to the incorporation of 
hydrogen (see Chapter 6). The open circles in Fig.8.9 represent two 
times of the activation energy obtained from the elecrtrical 
conductivity measurement (see Chapter 9). These values agree with those 
of E quite well. 
S 
C.2 Boron-silicon Films: 
Films Deposited at 300°C: 
The absorption spectra of boron-silicon films deposited at 
Ts-300。C with various gas phase ratio [B^H^]/[SiH^] are shown in 
Fig.8.10. One can see that with [B2H^]/[SiHJ lying between 5x10。and 
5x10 , the spectra are almost the same and close to that of pure boron 
films deposited at 300。C. However, when [B2H^]/[SiH^] further 
decreases, a increases within the whole measuring range. 
The v^  W plots are shown in Fig. 8.11. The spectra of the films 
with [B^H^l/ISiH^] lying between 5x10^ and 5 x 1 0 a r e curved. This 
means that the band shape of the extended states of these samples 
1 3 6 
deviates from a parabolic form. However, when [B^H^]/[SiH, ] is further 
z o 4 
decreased, the V hua plots at high hu region becomes straight. The 
energy band now is closer to a parabolic form. 
Although the V hua plots are not linear for all boron-silcion 
films, approximate values of E can be estimated through linear 
O 
extrapolation of the curves at high hv values. Results (solid circles 
in Fig.8.12) show E^ decreases with decreasing [B^H^]/[SiH^]. For boron 
films deposited at 300。C, E^ is about 1.4eV. It drops to about 0.85eV 
when [B2H^]/[SiHJ is equal to IxlCT?. ir absorption experiment 
(Fig.6.10) has already shown that the B-H band at 2560cm"^ starts to 
decrease drastically when [ ^ ？ ！ ！ 日 j/fSiH^] is lower than 2 x 1 0 " ^ The 
decrease in E^ observed here should therfore be related to the 
reduction in hydrogen concentration. To see whether E is equal to the 
s 
conduction energy gap, the values of obtained from the electrical 
conductivity measurement are also plotted in Fig.8.12. For 
[B2H^]/[SiH^] > 1x10-1, Eg is approximately equal to However, 2E 
is smaller than E^ for [B^H^]/[SiH^] < 1 x 1 0 " ^ This indicates the Fermi 
level has shifted towards the mobility edge when silicon concentration 
reaches a certain high level. Similar results are observed in 
boron-silicon films deposited at higher T . 
Films Deposited at 460 and 62Q°C: 
Optical absorption of boron-silicon films deposited at T =460。C 
with various [B2H^]/[SiHJ are shown in Fig.8.13 and 8.14. The^ whole 
a b s o ^ t i o n curves are shifted upwards when [B^H^]/[SiH^] decreases from 
5xl00 to lxlO-2. The increase in a is particularly marked at low h . 
values. The trend of a increase is reversed when [B^H^]/[siH^] goes 
below lxlO_2 (Fig.8.14). 
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As for films deposited at 300°C, E is estiamted from / hi/a plots 
g 
(Fig.8.15 and 8.16). The results are shown in Fig.8.17 (represented by 
solid circles). In contrast to the results for T == 300°C, E exhibits 
s g 
a minimum of about 0.7eV at [B^H^]/[SiH^] around 1x10^ and goes up to 
lev when [B^H^J/fSiH^] decreases to 5xl0"^. E is always greater than 
(Fig.8.17). The difference increases sharply as [B^H^]/[SiH^] goes 
below I x I q O . This provides strong evidence that the Fermi level moves 
towards the mobility edge as increasing number of silicon atoms are 
added into the boron matrix. 
Results for boron-silicon films deposited at 620°C are quite 
similar to that of 460^C films (Fig.8.18 to 8.21). Again, E shows a 
g 
minimum at [B^H^]/[SiH^] around 1x10 and goes up to a even higher 
value of 1.2eV when [B2H^]/[SiH^]=5xlO"^ (fig.8.22). The movement of E^ 
towards the mobility edge with increasing silicon concentration is also 
stronger. 
D. Analysis: 
The absorption data are analysed according to a modified band 
model of Cohen et al. (1984) for amorphous semiconductors. 
D.l Band Models: 
According to Cohen et al (1984), the electron states of amorphous 
semiconductors consist of parabolic bands of extended states and 
exponential band tails. The DOS functions for the parabolic band and 
the band tail are given by: 
1/2 




Nc(E) = A ( E y 2 ) exp [- (E^ - E) / E。] , when E < E^ (8.20). 
where E^ is the conduction mobility edge. E reflects the width of the 
O 
tail states. The two functions and their first derivative must be 
continuous at . In the following analysis, we simply set E =E.. 
c 丄 
To explain the boron results, the above equations have to be 
modified slightly, Optical data suggest that the bands for extended 
states above E。 and below E" for amorphous boron deviate from the 
parabolic shape. To be consistent with this result, the exponent 1/2 in 
equation (8.19) will be replaced by a number n which is expected to be 
close to 1/2. 
We further assume the localized conduction-band tail to be so 
narrow that it can be neglected as it is suggested for a-Si. Then one 
can ignore transistions from occupied states in valence .ftand to 
unoccupied states in the conduction band tail (Payson et al. 1984, 
Wronski et al. 1982). This is done by setting N (E)=0 for E < 0 For 
c c 
convenience, E^ is also set equal to 0. Then for conduction band： 
Nc(E) = Ac ( E + E。n 广 when E > 0, (8.21) 
= 0 when E < 0. (8.22) 
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For the valence band, the exponential band tail is retained. 
\ (E) = A ( -E - E - n E when E < -(E + 2nE ), 
V g o g o 
(8.23) 
n E + 2nE + E 
= A (E n) exp ( ^ ) when E > - (E + 2nE ). 
o E S 
O 
(8.24) 
To explain the optical data of boron-silicon films, the above model is 
not sufficient. The strong absorption observed in the low hi/ region 
strongly suggests the presence of additional gap states. The 
distribution of these gap states may be represented by a Gaussian 
funciton positioned at E ^ above E^ (Chik et al. 1989): 
( ( E _E 
D(E) = G exp ^ (8.25) 
< • 
It is further assumed that all states above Fermi level E^ are 
empty, while those below E^ are occupied by electrons. Schematically, 
the occupied states are represented by the shaded area in Fig.8.23. 
D.2 Deconvolution of Absorption Spectra: 
Information on DOS is extracted by deconvolution of optical 
absorption spectra. For each spectrum, values of a(hi/)'s corresponding 
to a series of equally separated hz/ values are calculated by numerical 
integration of the general equation (8.10), using the band model 
mentioned above. The range of hu is divided into two regions, namely, 
hi/ > E , 2nE。(region I) and hi. < 2nE。(region II). The possible 
transitions within these two regions are somewhat different and must be 
considered separately. 
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D.2.1 Deconvolution of Absorption Spectra of Boron Films: 
Region I (hi/ > E + 2nE )： 
g o 
In this region, the absorption coefficient can be written as a sum 
of three terms: 
Q:(hi/) = + + . (8.26) 
a corresponds to transitions from extended states below E to the 
上 v 
extended states above E^. By substituting equation (8.21) and (8.23) 
into equation (8.12), and setting E^=0, a^ is then calculated by 
performing the following integration: 
「0 
K A2 
Q： (h") (-E + nE )n (hiy -E -nE dE , (8.27) 
hi/ ° g o 
-(hi/-2nE -E ) ° g 
2 ,3 
where K = j \ and A are assumed to be equal and thus 
n c m , 
o 
are denoted by A. "a" is set to be equal such that K = 
-3 8 2 5 
3.27x10 (eV) (cm) • Note that Wronski et al (1982) used 
_ 38 2 5 
K=4xl(r (eV) (cm) for the analysis of a-Si. The upper and lower limit 
are determined by two limiting cases which are shown in Fig.8.24(a) and 
8.24(b). The upper limit of the integration is the highest energy of an 
electron in an extended state in the valence band which can be excited 
into an extended state in the conduction band by absorption of a photon 
of energy hi/. Fig.8.24(a) shows that this maximum energy is just E 
v . 
The lower limit corresponds to the lowest energy of an electron in an 
extended state in valence band which can just be excited to a state at 
Ec through an absorption of a photon with energy hiy (Fig. 8.24(b)) 
141 
The second term in equation (8.26), a^, involves the transitions 
from occupied valence-band tail states to extended states above E • a . 
c 2 
is calculated by integrating equation (8.16), but now the functions of 、-“ 
DOS of the extended states above E (equation (8.21)) and those of the 
c 
valence-band tail states (equation (8.24)) are used. The expression of 
a^ is shown as follows: 
「Ef 
〜（hi^) = exp(-E/E ) (hi/ -E -nE dE • (8.28) 
hi/ O g o 
The upper and lower limits of the integration can be determined by the 
transitions shown in Fig.8.25(a) and 8.25(b). E^ is the highest energy 
of these electrons in the occupied valence-band tail states 
(Fig.8.25(a)), and is thus the upper limit of this integration. In this 
region, hiy > E + 2nEo. So transitions of electrons from E to extended 
o V 
states above E^ are included. Thus the lower limit of the integration 
is 0. 
involves the transitions of electrons from extended states in 
valence band to unoccupied states in valence-band tail states. The 
expression for a^ becomes: 
广-(hi/-E -2nE ) 
2 n g o 
K A (nE ) 
a (hiO = ^ exp(- 二 E ) ( -E + nE 广 dE . (8.29) 
J _(LII/_EF) 
1 4 2 
In this equation, E^ is also set equal to 0. The upper and lower limits 
of the integration corresponding to the two transitions are shown in 
Fig.8.26(a) and 8.26(b). In Fig.8.26(a), an electron is excited from an 
extended state at - (hi/-E^-2nE^) to an unoccupied localized state of 
valence-band tail just under the mobility edge E . This process 
c 
determines the upper limit of the integration, that is the maximum 
energy that an electron can have in this kind of transitions. In 
Fig.8.26(b), an electron is excited from an extended state in the 
valence band to an empty state of valence-band tail just above the 
Fermi level Ef. This determines the lowest energy that an electron can 
have in this kind of transitions and thus determines the lower limit of 
the integration. 
Region II (hr/ < E + 2nE )： 
g o 
When hi/ is smaller than E + 2nE (the mobility gap E -E ) a has 
g O C V 1 
no contribution. It is because the incident photon energy is not 
sufficient to excite an electron in valence band with energy under E 
to an extended state in conduction band with energy higher than E . 
c • 
Thus a is now written as: 
Q:(hi/) = a ^ ( h u ) + a ^ ( h i y ) • ( 8 . 3 0 ) 
Here, a^ still involves electron transitions from valence-band tail 
states to extended states in conduction band, a ^ can still be found 
from equation (8.28), except that the integration limits must be 
considered carefully. In Fig.8.27(a), an electron in an occupied 
localized state in valence-band tail just below Fermi level is excited 
to an extended state above E^. This determines the highest initial 
energy that an electron can have in this kind of transitions. Thus the 
1 4 3 
upper limit of integration is still equal to E^. However, the lowest 
energy that an electron can have in this kind of transition is 
Eg+2nE^-hr/ as shown in Fig. 8.27(b) . In this transition, an electron is 
excited from a localized tail state to an extended state just above the 
mobility E Now, the lower limit of integration is E +2nE -hi/ instead 
c g o 
of zero. 
The term a^ still involves transitions of electrons from extended 
states in valence band to localized states in valence-band tail, a is 
given by equation (8.29), but the upper limit and lower limit are now 
equal to 0 and -(hi/-E^) respectively. These two limitimg cases are 
shown schematically in Fig.8.28(a) and 28(b) respectively. 
Finally, the calculated a (hi/) values are compared with the 
experiment values. The band parameters giving a good fit to the 
experimental results can thus reflect the structure of the energy 
bands. 
D.2.2 Deconvolution of Absorption Spectra of Boron-Silicon Films: 
Region I (hi/ > E + 2nE )： 
g o 
The deconvolution is done in a similar way as that for boron. 
However, to account for absorption due to an additional impurity band 
of localized states, two additional terms oc “ and a^ are needed. 
Equation (8.26) becomes: 
a(hi/) = + + + + a^(hi/). (8.31) 
" r "2 and 0=3 are given by (8.27), (8.28) and (8.29) respectively. 
"4 represents transition of electrons from occupied states of 





K A G ( E-E N 
a, (hi/) = exp ——…⑷ (hi/+E-E -nE 广 dE • (8.32) 
h 1/ 乂 G 乂 
」0 
The upper limit is taken on the process (Fig.8.29(a)), in which an 
electron in the Gaussian band at an energy just below Fermi level E^ is 
excited to an extended state in conduction band. The lower limit 
(Fig.8.29(b)) corresponds to the case that an electron in the Gaussian 
band at a state just above E^ is excited to an extended state in 
conduction band. 
a^ involves transition of electrons from the extended states of 
valence band to empty states of the Gaussian band and is given by: 
(hi/_E -2nE ) 
r S 2 
K A G hw+E-E 
a . (hi/) exp ( -E + nE 广 dE . (8.33) 
J 1 o h o 
h 1/ ^ G 
For the upper limit (Fig.8.30(a)), an electron in a state at 
- - 2 n E ) is excited to an extended state in the conduction band g ° 
just above E . The lower limit (Fig. 8.30(b)) is related to the case 
o 
when an electron at an extended state at - (hi/-E^) is excited to an 
empty state in the Gassian band just above E^. 
1 4 5 
Region II (hi/ < E + 2nE )： 
“ g o 
In this region, equation (8.30) becomes: 
= + a^(hi/) + + (8.34) 
The upper and lower limits for a^ and are taken differently 
from that for region I. The upper limit for a^ (Fig. 8.31 (a)) is given 
by the energy of an electron which is excited from an occupied state in 
the Gaussian band to an extended state in conduction band. The lower 
energy limit corresponds to the case (Fig.8.31(b)) when an electron is 
excited from a state in the Gaussian band of energy E -2nE -hu to an 
g o 
extended state just above E Similarly, the upper and lower limits for 
"5 are 0 and -(hr/-E^) respectively (Fig. 8 . 32 (a) ). 
D.2.3 Results: 
Boron Films: 
In the deconvolution of the spectra of boron films, n, A E E 
， ‘ ‘ g ' o 
and Ef are used as adjustable fitting parameters. The choice of these 
parameters are guided from experimental data. 
A is estimated to have an order of I x l O ^ ^ c m " ^ ( e V ) w h i c h is 
typical for semiconductors. Note that the unit of A depends on n. For 
example, Curtins and Favre (1988) set A of a-Si to be 
2 1 - 3 - 3 / 2 
6.7x10 cm" eV" for parabolic band. Here n = 1/2 and thus the 
exponent of eV in the unit is -3/2. 
The values of E^ have roughly been estimated and plotted in 
figure 8.9 and thus would be used as a guideline for the numerical 
fitting of the absorption spectra. 
From thermopower measurements, it is found that our boron films 
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are p-type (see Chapter 9). So the Fermi level E^ is supposed to be 
closer to the mobility edge of valence band and is roughly estimated 
from the activation energy of electrical conductivity measurement (see 
Chapter 9). 
As shown in Fig.8.7, the boron films deposited at higher 
temperature drop steeply at low hi/ region. Therefore, it is believed 
that Eq, the width of the valence-band tail, should become smaller with 
increasing T . 
s 
The parameters for best fitting of boron results are listed in 
Table 8.1. The theoretical results and the experimental absorption 
spectra of boron films are plotted in Fig.8.33 to 8.38 for comparision. 
It is found that all the absorption spectra have good fits based on 
this model. 
Ts n A E E Ep 
g O f 
(cnT eV—l-n) (eV) (eV) (eV) 
300 0.67 1.7X1021 1.2 0.43 0.54 
340 0.64 1.95x1021 1.25 0.56 0.58 
380 0.62 1.9X1021 l.l 0.43 0.5 
460 0.62 2.3X1021 0.83 0.4 0.48 
6 2 0 0 . 5 7 2 . 6 x 1 0 2 1 0 . 8 1 0 . 3 8 0 . 4 7 
800 0.53 2.95x1021 0.8 0.28 0.44 
Table 8.1 Parameters for the deconvolution of optical 
absorption spectra of pure boron films 
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Boron-Silicon Films: 
For boron-silicon films, n, A, E , E , E-, G, E^^ and are used 
g o t GO G 
as fitting parameters. The parameters for best fitting are listed in 
Table 8.2 and 8.3 for samples deposited at 460 and 620°C respectively. 
The theoretical results and the experimental spectra are plotted in the 
figures from Fig.8.39 to 8.43, and from Fig.8.44 to 8.49 respectively. 
It is found that all the spectra can be fitted by the model. 
[〒 6 ] n A E E E_ G E^^ SE 
r -3 _l-n g ° f o T GO G 
[SiHJ (cm eV ) (eV) (eV) (eV) (cnT^^eV-丄）（eV) (eV) 
5xloO 0.59 2.45x1o21 0.75 0.39 0.38 9.0x10^^ 0.39 0.22 
IxloO 0.6 3.0X1021 0.84 0.39 0.31 1.05x10^^ 0.37 0.21 
1x10-1 0.6 3.5x1O21 0.97 0.29 0.28 6.5x10^^ 0.37 0.2 
5 x 1 0 - 2 0 . 6 3 . 7 X 1 0 2 1 1 . 0 0 . 2 0 . 2 6 8 . 0 x 1 0 ^ ^ 0 . 3 7 0 . 2 
5x10-3 0.6 2.9x1O21 1.04 0.1 0.22 8.0x10^® 0.21 0.2 
Table 8.2 Parameters for the deconvolution of optical absorption 
spectra of boron-silicon films deposited at 460°C. 
1 4 8 
[B.H ] 
n A E E E G 8E 
-3 I n g o £ « ^ GU G 
[SiH^] (cm eV ) (eV) (eV) (eV) (cm eV ) (eV) (eV) 
5xloO 0.58 2.5x1O21 0.76 0.39 0.29 3.0x10^^ 0.39 0.22 
5x10-1 0.58 2.6x10 ^^ 0.75 0.36 0.27 4.4x10^^ 0.39 0.22 
1x10-1 0.6 3.4x1021 0.78 0.32 0.22 5.4x10^^ 0.39 0.22 
5x10—2 0.6 3.4X1o21 0.8 0.27 0.19 5.8x10^^ 0.37 0.2 
1x10-2 0.6 2.8X1o21 0.92 0.16 0.17 5.9x10^^ 0.37 0.2 
5x10-3 0.62 2.6X1021 1.02 0.13 0.13 6.1x10^^ 0.35 0.2 
Table 8.3 Parameters for the deconvolution of optical absorption 
spectra of boron-silicon films deposited at 620°C. 
E. Discussion: 
Boron Films: 
Based on the fitting parameters listed in Table.8.1’ one can draw 
the following conclusions: 
1. n decreases from 0.67 to 0.53 when T increases from 300 to 
s 
800。C. Thus by increasing T^, the band shape of extended states changes 
from non-parabolic to parabolic form. 
2. The optical gap, E decreases with increasing T , and 
•S 
approaches a value of about 0.8eV when T is raised above 460°C. This 
s • 
result is consistent with IR absorption measurements which show that 
the hydrogen content of boron films decreases with T^ and is negligibly 
small when T^ is higher than 460。C. Thus, we believe that the 
incorporation of hydrogen can increase the optical gap as it is the 
case for a-Si:H. 
1 4 9 
3. E � � the width of the valence-band tail, is reduced by 
increasing T^. It is generally believed that the band tail states of an 
amorphous semiconductor originate from topological variation of its 
atomic network. The decrease of E indicates that the film structure 
O 
approaches that of crystalline boron. This suggestion is further 
supported by IR absorption experiment. 
In Table 8.4, the Fermi level (measured from E ) and 
1 
丁(Eg+2nEo) ( = — (E^-E^) or 士 Ep ) are listed for comparision. In 
our band model, the value (E +2nE ) is equal to one half of the 
O o 
mobility gap. From Table 8.4’ it is found that E^ is smaller than 
This shows that undoped boron films should be a p-type semiconductor, 
in consistence with the thermoelectric power measurements (see Chapter 
9). 
Ts Ef 士（ E f + 2 n E o ) 
(C。) (eV) ° 
300 0.54 0.89 
340 0.58 0.98 
380 0.5 0.82 
460 0.48 0.66 
620 0.47 0.62 
800 0.44 0.55 
Table 8.4 Comparison of the Fermi level and 1/2(E _E ) 
c v 乂 • 
5. Jaumann and Werheit (1969) reported the absorption spectrum of 
々-R boron (Fig.8.50(a)) . The spectrum measured at and below room 
temperature consists of three parts: a, b and c. The extrapolation of 
1 5 0 
part a and part b intersects the hi/ axis at about 1.56 and 1.33eV 
respectively. This leads them to suggest a band model for fi-R boron as 
shown in Fig.8.50(b). In their model, there are two energy bands of 
localized states within the forbiden gap. One is a band of electron 
traps and the other is a band of hole traps. The existence of these 
localized states is considered to be the intrinsic property of 
crystalline boron. The optical gap is equal to 1.56eV, and the band of 
hole traps is 1.33eV below the valence band edge. 
In contrast, the absorption spectra of our boron films are smooth 
and do not show any kink. A band model containing only extended states 
and localized tail states is needed to fit the experimental results. 
Therefore, the energy band structure of our boron films differs from 
that of crystalline 冷-R boron. 
Boron-Silicon Films: 
Let us turn to investigate the effect of incorporation of silicon 
into boron. 
1. First consider the boron-silicon films deposited at 300°C. As 
shown in Fig.8.10, the absorption curves are essentially unchanged when 
[B2H^]/[SiH^] is varied below 5 x l 0 " ^ But when [B^H^]/[SiH^] > 5xlO"^, 
the whole a curves can shift to higher values. The estimated optical 
gap Eg also starts to drop drastically at the same time (Fig.8.12). We 
notice that the strength of the B-H absorption band at 2560cm-^ 
decreases rapidly when [B^H^]/[SiH^] is small than 2x10"^ (Fig.6.6). 
This means that the hydrogen content in the films also decreases 
accordingly. Therefore, one of the effect of increasing silicon 
concentration in boron-silicon films deposited at 300。C is to reduce 
the hydrogen content of the films, thus decreasing the optical gap. 
1 5 1 
2. Considering boron-silicon films deposited at 460°C, from Table 
8.2, E has a minimum of about 0.75eV at [B.H.]/[SiH,] around 5x10^. 
& Z D 4 
When [B2H^]/[SiH^] is further decreased, E increases again and reaches 
s 
about 1.04eV when [B2H^]/[SiH^]=5xlO"^. Similarly, for the 
boron-silicon films deposited at 620°C, E has a minimum of about 
g 
0.75eV at [ 〒 6 ] / [ 5 〜 a r o u n d 5x10 — 1 (Table 8.3) . E increases again 
s 
with decreasing [B2H^]/[SiH^] and finally reaches 1.02eV when 
[B2H^]/[SiH^] is decreased to 5xl0"^. 
From IR absorption experiment, it is known that the hydrogen 
content is negligibly small in these films. Therefore, the minimum in 
Eg observed should not be attributed to the reduction of hydrogen 
content. It is rather due to a structural change induced by the 
increase of silicon concentration in the boron-silicon films. This 
structural change has been demonstrated by x-ray diffraction 
experiment. The film structure of high silicon samples is found to 
approach that of amorphous silicon. This causes E to increase towards 
g 
the amorphous silicon value. 
The highest value of E observed in our films is still smaller 
O 
than the optical gap of a-Si:H prepared by glow discharge method which 
have values ranging .from 1.70 to 1.91eV (Payson and Guha 1984, Amer et 
al. 1983, Wronski et al. 1982). The reason is that our films have much 
lower hydrogen content due to the deposition mechanism of thermal CVD. 
3. As shown in Table 8.3, E^ decreases monotonically when 
[B2H^]/[SiH^] is decreased. This means that the Fermi level is shifted 
towards the mobility edge of the valence band by increasing the silicon 
content. 
4. As shown in Fig.8.13 to 8.18, for samples deposited at 460 and 
620°C, absorption at lower hi. region is particularly enhanced with 
152 
decreasing [B^H^]/[SiH^]. This can be explained by introducing an 
impurity band of localized states in the a-Si like mobility gap. 
Actually, from Table 8.2 and 8.3, it is found the height of the 
impurity DOS function (G) increases with decreasing [B2H^]/[SiH^], 
i.e., the film structure becomes more a-Si like. This suggestion seems 
to be supported by IR absorption experiment. In Fig.6.7, curve 4, an 
absorption band relating to the vibrational modes of icosahedral 
clusters can still be observed for the film deposited at 460°C with 
[B^Hgl/fSiH^] as low as 5xl0" . This indicates the icosahedral boron 
clusters still exist in the films with the lowest boron concentration. 
It is quite possible that these clusters are responsible for the 
introduced additional gap states found in our samples. 
The results of optical absorption spectra of silicon-boron films 
deposited by glow discharge method reported by Tsai (1979) are shown in 
Fig.8.51(a) and 8.51(b). The parameter X in the figures represents the 
g 
content of boron in the reactant gases during deposition 
一 [ B ] 
[B] + [Si] gas. So Xg = 1 and 0 correspond to boron film and silicon 
film repectively. As shown in the figures, although the absorption 
increases with decreasing X (equivalent to an increase of silicon 
O 
concentration) , there is no particular enhancement at low hi/ region as 
found in our samples. Therefore, it seems that the gap states in the 
films prepared by glow discarge method is less than those prepared by 
thermal LPCVD method. 
In Fig.6.15, we have compared the silicon incorporation efficiency 
of our boron-silicon samples and those prepared by glow discharge 
method. Results indicate that the deposition mechansim is quite 
different between these two methods. Therefore, it is not surprising to 
find different structure in these 2 kinds of films which can lead to 
1 5 3 
different electronic structure of the films. According to IR 
experiment, icosahedral clusters exist in our boron-silicon films. 
Therefore, we postulate that icosahedral clusters can be rather easily 
formed in films prepared by thermal CVD method. These clusters may be 
closely related to the occurence of the impurity band inducing an 
enhancement of optical absorption at low hi/ region. On the other hand, 
glow discharge method is not favour the formation of such clusters. As 
a result, the optical absorption does not show enhancement at low hi/ 
region. 
1 5 4 
y 
k 
Fig.8.1 Schematic diagram of direct transition of an 
electron. The energy separation between the final and 





Fig.8.2 Schematic diagram of indirect transition of an 
electron. 
Eg, optical gap; E^, phonon energy 
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丁2>丁1 
[A 
V E p E g + E p h v 
EG 
Fig. 8.3 Plot of V a against photon energy . V a 
and V a intercept h：/ axis at E + E and E - E 
a ^ g P g P 
respectively. At higher temperature, the curve shifts to 
right. E is changed with temperature. 
s 
^ z t 
i C 
g ( E ) 
Fig.8.4 Band model of amorphous semiconductor (Tauc 1 9 7 4 ) 
Ec, mobility edge of conduction band; 
Ey, mobility edge of valence band; 
Eg, optical gap; E , mobility gap. 
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Fig:8.5 A typical optical absorption spectra, of a-Si 
：：：：：：is related .o t . n s U . o . extended 
states. Reg.on B is related to the transitions between 
extended states and localized states. 
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Fig.8.7 Optical absorption spectra of boron films 
deposited at： 
1. 270。C; 2. 300°C; 3. 340°C; 
380°C; 5. 460。C; 6. 620°C; 
7. 750°C; 8. 800。C. ‘ 
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Fig. 8.8 Plot of /"^hiT- against hi. for boron films 
deposited at: 
1. 300°C; 2. 380°C; 、 3. 460°C; 
4 620°C; 5. 750。C; 6. 800°C. 
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Fig. 8.10 Plot of loga against hi/ for boron film (sample 
• I)and boron-silicon films deposited at 300。C and at 
气 ] = ： 
2. 5x10。； 3. 1x10。； 4. 5x10-1 
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Fig.8.11 Plot of v ^ against h . for boron film (sample 
1) and boron-silicon films deposited at 300。C and at 
equal to: 
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Fig.8.12 Optical gap of boron-silicon and boron films 
deposited at 300°C estimated from the plot of V ahi/ 
against hu. Solid circles: estimated optical gap ； Open 




- • • • \ 
/ •、••.• 1 
3.5 - / 
ao -
1 1 1 1 f 1 1 1 1 1 I ' l l 
0.2 0.6 1.0 1.4 1.8 22 26 3.0 
h v ( e V ) 
Fig. 8.13 Plot of loga against hi/ for boron film (sample 1) 
and boron-silicon films deposited at 460°C and at 
[B2H^]/[SiH^] equal to: 
2. 5xl00; 3. m o。； 4. 1x10-1 
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Fig. 8.14 Plot of loga against hi/ for boron-silicon films 
deposited at 460°C and at [B^H^J/fSiH^] equal to: 
1. 1x10-2; 2. 5x10-3; 3. 1x10-3. 
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Fig. 8.15 Plot of vThi；^ against h . for boron film (sample 
1) and boron-silicon films deposited at 460。C and at 
equal to: 
2. 5x10°; 3 1x10。• , 1 - 1 
I • 丄 X丄 u , 4 . 1 x 1 0 
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Fig.8.17 Optical gap of boron-silicon and boron films 
deposited at 460°C estimated from the plot of V a h i T 
against hr/. Filled circles: estimated optical gap; Bright 
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Fig.8.18 Plot of loga against hu for boron film (sample 1) 
and boron-silicon films deposited at 620°C and at 
[B^H^J/fSiH^] equal to: 
2. 5x10。； 3. 5x10-1; 4. IxlO"^ 
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Fig. 8.19 Plot of loga against hi/ for boron-silicon films 
deposited at 620°C and at [B2Hg]/[SiH^] equal to: 
1. IxlO'l 2. 5x10"? 
3. 1x10-2 4. 5x10-3. 
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Fig. 8.20 Plot of / W T against h . for boron film (sample 
1) and boron-silicon films deposited at 620°C and at 
[B2H^]/[SiH^] equal to: 
2. 5x10。； 3. 5x10-1; 4. IxlO"^ 
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Fig. 8.21 Plot of V hi/a against hi/ for boron-silicon films 
deposited at 620。C and at [B^H^]/[SiH^] equal to： 
1. 1 x 1 0 i 2. 5x10"? 
3. 1x10-2 4. 5x10-3. 
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Fig.8.22 Optical gap of boron-silicon and boron films 
deposited at 620°C estimated from the plot of V ahi/ 
against hu. Filled circles: estimated optical gap; Bright 
circles: 2 times of the activation energy of electrical 
conductivity. 
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Fig.8.23 An energy band model used to deconvolute the 
absorption spectra of our boron films. 
E , mobility edge of conduction band; 
o 
Ey, mobility edge of valence band; 
Ef, Fermi level； E^, optical gap； E , mobility gap. 
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Fig.8.24(a) hi/ > E +2nE . Transition of an electron from 
S 。 
an extended state just below to an extended state in 
conduction band. 
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Fig.8.25(a) hu > E +2nE . Transition of an electron from a 
O o 
localized tail state just below Fermi level E^ to an 
extended state in conduction band. 
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Fig.8.25(b) hu > Eg+2nE。. Transition of an electron from a 
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Fig.8.26(a) h . > Eg+2nE。.. Transition of an electron from 
an extended states in valence band to an unoccupied 
localized state of valence band tail just under E 
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Fig.8.26(b) h" > • 巧 7 T ? — - i t r i r J , an electron from 
an extended states at -(hi/-E^) in valence band to an 
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Fig.8.27(a). hi/ < E +2nE . Transition of an electron from 
O O 
an occupied localized state of valence-band tail just 
under E^ to an extended states in conduction band. 
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Fig.8.27(b) h" < E +2nE . Transition of an electron from 
O o 
an occupied localized state of valence-band tail at 
Eg+2nEo_lu/ to an extended states in conduction band. 
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Fig.8.28(a) hu < . Transition of an electron from 
an extended states in valence band just under E to an 
v 
unoccupied localized state of valence band tail. 
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F i g . 8 . 2 8⑴ hi. < Eg+2nEo. Transition of an electron from 
an extended states in valence band to an unoccupied 
localized state of valence-band tail just above E^. 
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Fig. 8.29(a) > E +2nE . Transition of an electron from 
g o 
an occupied localized state in the Gaussian band just 
below Ef to an extended state in conduction band. 
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Fig.8.29(b) hi/ > Eg+2nEo. Transition of an electron from 
an occupied localized state in the Gaussian band just 
above Ey to an extended ^tate in conduction band. 
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Fig.8.30(a) hu > E +2nE . Transition of an electron froman 
O o 
extended state in valence band at _(hi/_E -2nE )to an 
g O 
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Fig. 8.30(b) hr/ > Eg+2nEo. Transition of an electron from 
an extended state in valence band at -(h»/-E^)to an 
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Fig.8.31(a) hi/ < Eg+2nE。. Transition of an electron from 
an occupied localized state in the Gaussian band just 
below Ef to an extended state in conduction band. 
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Fig.8.31(1^) h . < Eg+2nE。. Transition of an electron from 
an occupied localized state in the Gaussian band at energy 
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Fig.8.32(a) hi/ < . Transition of an electron from 
an extended state in valence band just below E to an 
v 
unoccupied localized state in the Gaussian band. 
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Fig.8.32(b) h,. < Eg十2nE。. Transition of an electron from 
an extended state in valence band at -(hi/-E ) to an 
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Fig.8.35(b) Plot of / l ^ of boron film deposited at 
T -380°C. 
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Fig.8.37(b) Plot of V hi/a of boron film deposited at 
T -620°C. 
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Fig.8.39(a) Plot of log(a) of boron-silicon film deposited 
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Fig.8.39(b) Plot of V hi^a of boron-silicon film deposited 
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Fig.8.40(a) Plot of log(a) of boron-silicon film deposited 
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Fig.8.40(b) Plot of V hi/a of boron-silicon film deposited 
at T^-460°C and [B^H^l/tSiH^J-lxlO®. 
experimental data; 
theoretical calculation. 
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Fig.8.41(a) Plot of log(ct) of boron-silicon film deposited 
at T =460。C and [B.H.]/[SiH,]=lxlO"^. 
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Fig.8.41(b) Plot of v^  hua of boron-silicon film deposited 
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Fig.8.42(a) Plot of log(a) of boron-silicon film deposited 
at T =460。C and [B.H.]/[SiH,]=5xlO"^. 
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Fig. 8 .42(b) Plot of V hi/a of boron-silicon film deposited 
at T^-460°C and [B^HgJ/lSiH^J-SxlO"^. 
experimental data； 
theoretical calculation. 
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Fig.8.43(a) Plot of log(a) of boron-silicon film deposited 
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Fig. 8.43(b) Plot of V hi/a • of boron-silicon film deposited 
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Fig.8.44(a) Plot of log(a) of boron-silicon film deposited 
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Fig. 8.44(b) Plot of V hi/a of boron-silicon film deposited 
at T -620°C and [B.H.]/[SiH,)-5xl0^. 
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Fig.8.45(a) Plot of log(a) of boron-silicon film deposited 
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Fig.8.45(b) Plot of V hi/a of boron-silicon film deposited 
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Fig.8.46(a) Plot of log(a) of boron-silicon film deposited 
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Fig.8.47(a) Plot of log(a) of boron-silicon film deposited 
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Fig. 8.47(b) Plot of V hi^a of boron-silicon film deposited 
at T,620。C and [B^H^l/iSiH^J-SxlO"^. 
experimental data; 
theoretical calculation. 
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Fig.8.48(a) Plot of log(a) of boron-silicon film deposited 
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Fig. 8.50(a) Optical absorption of spectra of boron. 
(Jaumann and Werheit 1969). 
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Fig.8.50(b) Energy levels in the gap of boron, 
according to the results of optical and electrical 
measurements. (Prudengiati 1977). 
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Fig.8.51(a) Optical absorption spectra of silicon-boron 
films prepared by glow discharge method at 270°C with 
substrates placed at the cathod (Tsai 1979). 
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Fig.8.51(b) Optical absorption spectra of silicon-boron 
films prepared by glow discharge method at 270°C with 
substrates placed at the anode (Tsai 1979). 
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Chapter 9 Conductivity and Thermoelectric Power Measurements 
Conductivity and thermoelectric power data are very important for 
the understanding of transport properties of a semiconductor. Their 
measurements are particularly important from the practical point of 
view, since they directly determine the scope of application of the 
material in electronic devices. In this chapter, we first review the 
transport mechanisms in amorphous materials (section A), Experimental 
techniques are then described in section B. Results are reported and 
discussed in sections C and D respectively. 
A Transport Mechanism in Amorphous Semiconductors: 
A.l Band Models of Amorphous Semiconductors: 
Construction of band model is of utmost important before one can 
interprets the electrical properties of a semiconductor. Some important 
band models are summarized as follows. 
Intrinsic Amorphous Semiconductors: 
Some band models for intrinsic amorphous semiconductors have been 
established. 
1. Cohen-Fritzsche-Ovshinsky model (Cohen et al. 1969): In this 
model (Fig.9.1(a)), it is assumed that the tail states extend across 
the gap and overlap each other. As a result, there are energy states 
from conduction band with energy lower than that of some energy states 
from valence states. Consequently, the redistribution of charge 
carriers results and pins the Fermi level at about the middle of the 
gap. 
2 0 3 
2. Davis-Mott model (Davis and Mott 1970): Davis and Mott 
suggested that the band tail should be narrow (about a few tenths of an 
electron volt) as shown in Fig.9.1(b). Furthermore, a band of defect 
states exists at the middle of the gap. All the states lying between E 
c 
and Ey are localized. Mobility of carriers moving through these states 
is zero at T=0°K. Thus the interval between E and E is defined as 
c V 
mobility gap. Above E and below E , the states are extended. In a 
。 "V 
modified Davis-Mott model (Fig.9.1(c)), the center band splits into a 
donor and an acceptor band which pin the Fermi level. 
Doped Amorphous Semiconductors: 
For doped amorphous semiconductors, it is generally believed that 
impurity bands exist. Several models have been proposed for the 
impurity states of doped amorphous semiconductors. 
1. Le Comber et al. (1976) suggested that all the donor states of 
glow discharge P-doped a-Si have a unique energy, and lie below the 
mobility edge. 
2. Friedman (1977) argued that the energies of the dopant state 
are distributed continuously throughout the tail states. 
3. Different from the above, Street (1982) suggested that there is 
a sharp donor band at the tail of conductor band as shown in 
Fig.9.1(d). Fermi level is below the donor level, and never approaches 
closer than 0.2-0.3eV from the mobility edge. 
“• Chik et al. (1988) suggested that a Gaussian shape 
boron-related impurity band above E^ exists in silicon-boron films. 
Based on this model, an excellent fit of both calculated and 
experimental data of electrical conductivity and thermoelectric power 
can be obtained. 
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A.2 Electrical Conductivity and Thermoelectric Power: 
Starting from Kubo-Greenwood formula, one can obtain a general 
expression for electrical conductivity as follows: 
% 
or = e J N(E) M E ) f(E) [l-f(E)] dE, (9.1) 
where N(E) is density of states, /i(E) is the mobility at E and f(E) is 
Fermi-Dirac distribution. 
Furthermore, the expression for thermoelectric power can be 
calculated as: 
/i(E)N(E)kT[ (E-E„)/kT]-4|-dE 
k J t aE 
S —— (9.2) 
/^(E)N(E)kT-||-dE . 
If more than one channel exists for the charge carriers, the 
integration in equation 9.1 and 9.2 must be performed throughout all 
the possible transport mechanism. Plausible functions of fi(E) and N(E) 
are used and the results can thus be compared with experimental data. 
It should be noted that another way of expressing S for a 
multi-channel transport mechanism is: 
2 S.a. 
q 1 1 
S = (9.3) 
where S^ and a^ are the thermoelectric power and conductivity of the 
ith channel, and a^ = Z a^. 
We now summarize the formulae of o and S relating to charge 
transport through: 
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1. Extended states above E and below E • 
c V ’ 
2. Localized states within the mobility gap including tail states, 
3. Localized states at Fermi level. 
1. Extended State Conduction: 
According to Nagels (1979), in extended state conduction, the 
mobility /i is relatively large and is approximately indepedent of 
temperature. It can be expressed by the equation: 
0.49 e a^ B 
“= (9.4) 
h k T , 
where a is the interatomic distance, B is the band width. For a = 2X 
and B = 5eV, one can find that fi = lOcm^ 
By assuming constant density of states, the expression for 
conductivity can be obtained by direct integration of equation ( 9 . 1 ) ： 
f E - E . 
cr = e N(E^) k T exp i~~ (9 5) 
L kT J • • 
The preexponential factor may lie between 10 and lO^n'^cm'^. 
Similarly, one can obtain the expression for thermoelectric power 
from equation (9.2) (for hole conduction): 
1 f E E 
Q k f V , 
〜 丨 + (9.6) 
with A 1, 
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2.Conduction in Band Tails: 
In tail states, charge carriers can only migrate through 
phonon-assisted hopping such that the mobility is relatively low. If --
i/ph is the phonon frequency and W is the energy gain of an electron for 
each hop, then the mobility can be expressed as: 
〜op == “ 。 - : ] . (9.7) 
V kT 乂 
By assuming a linear band tail with a width AE, the conductivity can be 
calculated as: 
kT f E -E +W 
cr, = a - C_ exp - (9.8) 
hop chop 1 I kT 
f AE ^ 
with C = 1- exp [1+AE/kT] . (9.9) 
( kT 
The expression for thermoelectric power is (for hole conduction): 
, k "f-^A 。 1 、 
S = 了 (9.10) 
L kT 1 J ， 
1 • f AE ) 9 
with C^ = 2 - exp [2+2(AE/kT) + ( A E / k T ) ] . 
kT 
3. Conduction of Tail States at Fermi Energy: 
When the Fermi level lies in a band of localized states, the 
carriers can move between the states via a phonon-assisted tunneling 
process. The conductivity can be calculated as: 
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1 2 2 u ^ 
a = 丁 e R u N(E ) exp(-2aR) exp (9.11) 
P kT J , 
where R is the jumping distance and a is a quantity which is 
representative for the rate of fall-off of the wave function at a site. 
Mott (1972) suggested that if the temperature is sufficiently low, 
carriers can hop to a state with closer energy but farther apart rather 
than to the nearest neighbors. This mechanism is called variable range 
hopping. The most distinctive feature of this transport mechanism is 
that the logarithm of resistivity is proportional to T^^^： 
” + e2 r2 〜 h N(Ef) exp [ _ ] (9.12) 
T I 
where A = 2.1 ]^^^. 
B. Experimental Methods: 
Experimental set-up for electrical conductivity and thermoelectric 
power measurements is shown in Fig.9.2(a). All measurements are done 
inside a high vacuum chamber at a pressure around lO'^to lO'^Torr. The 
measurement temperature (ranging from about 110 to 500°K) can be 
controlled by two heaters H^ and H^, and a stainless steel dewar filled 
with liquid nitrogen. The temperature is monitored by copper-constantan 
thermocouple. Copper foils are used for heat transfer. The sample is 
placed on a flat stainless steel plate such that a thermal gradient 
along the sample is more easily established for thermoelectric power 
measurement. 
Circuit for electrical conductivity measurement is shown in 
Fig.9.2(b). The potential drop across the standard resistance R is 
2 0 8 
measured by an electrometer with high input impedance. 
Circuit for thermoelectric power measurement is shown in 
dT 
Fig.9.2(c) . A temperature gradient is established along the sample 
by adjusting the input power of the two heaters H^ and H^ separately. 
The voltage AV induced between the two electrodes at the film is 
measured by another electrometer (Keithley 616). The Seebeck 
coefficient S is defined as: 
c A V 
S = , (9.13) 
where AT is the temperature difference between the two electrodes. AT 
can be calculated by multiplying the temperature gradient bv the 
dx 
separation between the two electrodes. can be calculated by 
dividing the temperature difference by the separation between the two 
reference thermocouple T^ and T^ (Fig. 9.2 (c)) . We use the "hot probe 
high" convention, in which the thermoelectric voltage is measured with 
respective to the hot junction. In this convention, S is negative for 
n-type semiconductors, while p-type semiconductors have a positive S. 
C. Results: 
C.l Boron Films: 
The temperature dependence of electrical conductivity a for boron 
films are shown in Fig.9.3. For a given temperature, a increases 
monotonically with increasing deposition temperature T within the 
s 
whole measuring temperature range. When T increases from 300 to 460°C 
roora temperature conductivity a^ increases from about I x l O " ^ c m " ^ to 
-4 -1 -1 
1x10 Q cm and shows strong T dependence. However, beyond T ==460°C 
s s 
up to 800。C’ cZR increases only slightly. This indicates that the 
2 0 9 
transport mechanism does not change much for T higher than 460°C. For 
all cases, the plot of log o against the 1000/T is not linear. Thus the 
conduction mechanism cannot be described by one simple thermally 
activated process• 
The differential activation energy E calculated from each two 
Si 
subsequent data points of a is plotted in Fig. 9.4. Firstly, for all 
boron samples, E^ increases monotonically with increasing measuring 
temperature and does not approach a limiting value even up to about 
220°C. Secondly, E decreases sharply when T is increased from 300 to 
s 
For example, room temperature differential actication energy E 
flR 
decreases from about 0.5 to 0.24eV. It should be noted that tj also 
R 
changes rapidly within the same range of T . Above T =460°C E 
s s ‘ aR 
remains almost unchanged. 
The Seebeck coefficient S of boron films deposited at 460 and 
620°C are shown in Fig.9.11 and 9.12 respectively (denoted by open 
circles). First of all, the sign of S of these films is positive. This 
means the samples are of p-type. Furthermore, S drops with increasing 
1/T. This result 
cannot be explained by using equation 9.6 or 9 10 
since all these equaitons predict an increase of S when 1/T is 
increased. 
C.2 Boron-Silicon Films: 
Boron-Silicon Films Deposited at 30Q°C: 
The temperature dependence of a for boron-silicon films deposited 
at 300°C is shown in Fig.9.5. The curves for [B^Hgj/fSiH ]=5xl0^, IxlO。 
- 1 
and 5x10 are very close to that of boron deposited at 300°C. It seems 
that at these values 。f [B^H^J/fSiH^j, o is not much influenced by the 
210 
incorporation of silicon. However, when [B^H^]/[SiH^] is further 
increased, o increases rapidly within the whole range of measuring 
9 1 1 
temperature, a^ increases from about IxlO" Q ' cm" for boron to about 
-3 -1 -1 9 
1x10 Q cm for boron-silicon film of [B2H^]/[SiH^]=lxlO . No simple 
thermally activated process can be assigned form the figure. Fig.9.6 
shows the differential activation energy E plots against 1000/T. All 
the E^ curves are curved and do not approach any limiting value. 
Furthermore, the E curves for films deposited at [B^H^l/fSiH 1=5x10^ 
a 2 6 4 , 
1x10 and 5x10 丄 are almost identical. When [B^H^J/fSiH^] is higher 
- 1 
than 5x10 , E^ drops rapidly for a given measuring temperature. E 
3.R 
drops from about 0.45eV for boron films to about 0.22eV for 
boron-silicon films with [B^H^]/[SiH^]=lxlO"^. 
Boron-Silicon Films Deposited at 460 and 620°C: 
cr of 460 and 620°C samples are shown in Fig. 9.7 and 9.9. Within 
the whole measuring temperature range, a increases with increasing 
silicon concentration (or equivalently with decreasing [B2H^]/[SiH^]) 
monotonically. a^ for both 460 and 620。C boron films is around 
IxlO'^n'^cm"^ When [B^Hsj/fSiH ]=5xl0-3, for 460。C T samples, silicon 
concentration increases to 82.4at.% and increases to about 
K 
- 1 - 1 - 1 
1x10 Q cm , while for 620。C T samples, silicon concentration 
increases to 91at.% and increases to about IxlO^O'^cra"^. The 
differential activation energy of 460 and 620。C boron-silicon films are 
shown in Fig.9.8. and 9.10 respectively. E^ of boron films deposited at 
corresponding T^ is plotted for comparision. One can see that E of 
a 
both 460 and 620。C boron-silicon films decreases with increasing 
silicon concentration within the measuring temperature range. For each 
curve, E^ increases gradually with rising temperature, while at low 
211 
temperature, E approaches a value around O.leV to 0.15eV. For films 
3 . 
with higher silicon concentration, E curve becomes almost flat at low 
a 
temperature region. 
The results of thermoelectric power S of 460 and 620°C 
boron-siliocn films are shown in Fig.9.11 and 9.12 respectively. S of 
boron films deposited at corresponding T are also plotted in the 
figures. For all samples, S decreases with increasing 1/T. For boron 
films, the temperature dependence of S is rather strong. When silicon 
is incorporated, S becomes less temperature dependent. 
D. Discussion: 
D.l Boron Films: 
From Fig.9.3, it is found that of boron is most sensitive to T 
K s 
between 300 and 460°C, while it becomes less T^ dependent for higher 
Tg. It seems that this can be explained by the band model suggested in 
Chapter 8, section D.l.2 for the interpretation of absorption spectra 
of boron film. In this model, electron states consist of extended 
states and localized tail states. From the results of the deconvolution 
of optical absorption spectra (Table 8.1), the optical gap E^ drops 
from about 1.2eV to about 0.83eV when T is increased from 300 to 
s 
460°C. We have attributed the decrease of E to the reduction of 
s 
hydrogen content in the films. As a result, a^ increases because more 
carriers can be excited to extended states when the band gap is 
smaller. Therefore, a^ becomes quite sensitive to increasing T • When 
s 
Tg is further increased, E^ changed only slightly because the hydrogen 
content of these films is negligible small. Thus, can only have a 
small increment accordingly. 
From Table 8.1, one can find that the band tail width decreases 
2 1 2 
from about 0.4 to 0.28eV when T is increased from 300 to 800°C. 
s 
Therefore, it is likely that the transport through the tail states can 
contibute much to o for all boron films within our measuring 
temperature range. As a result, the plot of log o against 1000/T is 
curved within our measuring temperature region, and cannot show change 
of distinctive transport mechanism. 
The sign of S of 460 and 620°C boron films is positive indicating 
that hole conduction dominates. The results of thermoelectric power 
(Fig.9.11 and 9.12) show that S decreases with increasing 1/T. This 
cannot be explained by the simple theory described in section A . 2. It 
is because that both equation 9.6 and 9.10 predicts that S will 
increase with increasing 1/T inconsistent with the experimental 
results. Therefore, new model different from those in section A . 2 must 
be used in order to interprete the result of thermoelectric power. 
D.2 Boron-Silicon Films: 
Boron-Silicon Films Deposited at 300°C: 
of boron-silicon films deposited at 300°C and at [B^H^ ]/[SiH^] 
ranging between 5x10^ and 5xl0"^ is rather close (Fig.9.5). From IR 
absorption measurement, we know that these films contain a large amount 
of hydrogen. At the same time, optical gap decreases slowly from about 
1.4 to 1.2eV (Fig.8.12) . As a result, o^ can only change slightly. 
However, when [B^H^]/[SiH^] is decreased further, hydrogen content is 
reduced rapidly as shown in Fig.6.10. E decreases accordingly and 
reaches about 0.9eV when [B2H^]/[SiH^] is equal to IxlO"^. Thus the 
main reason for the rapid increase of o is due to the decrease of E 
g 
when [B^H^J/fSiH^] is lower than 5x10 . Another reason for the 
increase of o^ is that the Fermi level shifts towards mobility edge of 
2 1 3 
valence band due to the increase of silicon incorporation. This 
suggestion is further confirmed by the results of the samples deposited 
at 460 and 620°C, in which hydrogen content is negligibly small. 
Boron-Silicon Films Deposited at 460 and 62Q°C: 
For films deposited at 460 and 620°C, o increases monotonically 
with increasing silicon concentration (or equivalently, with decreasing 
[BzHgj/fSiH^]) within the whole measuring temperature range (Fig.9.7 
and 9.9). From IR experiment (see Chapter 6, Fig.6.11 and 6.12), it is 
found that hydrogen content is negligibly small. From optical 
absorption spectra (Table. 8.2 and 8.3), it is also found that E of 
g 
both 460 C and 620 C samples reach a minimum when silicon concentration 
in the samples is around 70 to 80at.% ([B^H^ ]/[SiH^] is around IxlO。 
- 1 
and 5x10 ) . When silicon concentration is further increased E 
g 
increases again. Therefore, the increase of a^ for sample with higher 
[ V s j / f S i H ^ ] cannot be explained by a change of Eg, but should be due 
to the shift of Fermi level. Also, it is found that a Gaussian type 
impurity band is induced when silicon is incorporated into boron. This 
band should have contributed to conduction and becomes important at low 
temperature region. Actually, from Fig.9.8 and 9.10, it is found that 
Ea at low temperature becomes temperature independent and approaches 
around 0.1 t。 0.15eV for films with higher [B2H^]/[SiH^]. Thus we 
suggest that the transport of carriers at low temperature range is via 
states near the Fermi level. These energy states should consist of both 
the tail states and impurity states. The limiting value of E at low 
a 
temperature is thus equal to the energy needed for hopping between two 
adjacent localized states. 
The sign of S of boron-silicon films deposited at 460 and 620°C is 
214 
positive indicating that hole conduction dominates. Furthermore, S 
decreases with 1/T. This shows that the simple theory in section A.2 is 
not applicable in this case. However, we can conclude that hopping 
mechanism is significant within the whole measuring temperature range. 
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Chapter 10 Electron Spin Resonance 
A. Introduction 
Electron spin resonance (ESR) experiment, being sensitive to 
unpaired electrons, is one of the most important means to investigate 
defect states and trapped charge carriers of amorphous semiconductors 
via the analysis of g-value, linewidth, spin density and lineshape of 
the ESR signal. Gewinner et al. (1971) reported the ESR results of 
boron. It is found that the g-value of ESR signal of boron is 2.0028 
and is attributed to the trapped charge carriers. One important result 
is that the linewidth is narrowed when temperature increases from 300 
to 500°K. This is explained by the motional narrowing of trapped 
charged carriers. Results of ESR experiment for intrinsic, boron doped 
and phousphorus doped a-Si prepared by glow discharge method are also 
reported. Three lines can be observed (Dersch et al. 1981(a), Dersch et 
al. (b)) . The first line has a g value of 2.0055. This corresponds to 
dangling bonds with a positive correlation energy. The intensity of 
this line is reduced with increasing doping level. The second line is 
observed on boron doped samples, g-value of this line ranges from about 
2.01 to 2.014 measured at about 150。K (Fig.10.13). Both the g-value and 
linewidth are function of temperature. This line is attributed to 
trapped holes at the valence band tail. The third line is observed on 
the phosphorus doped samples with g-value = 2.0043 and is attributed to 
trapped electrons at the conduction band tail. The same three lines are 
also present in the undoped, boron and phosphorus doped thermal CVD 
a-Si films (Magarino et al. 1982). 
In this chapter, the results of ESR experiment on our boron and 
boron-silicon films prepared by thermal LPCVD method will be reported 
and discussed. 
2 3 0 
B. Experimental Method: 
This experiment is carried out with an x-band (frequency -
9.15GHz) electron spin resonance spectrometer (JOEL model:JES-FE3X). A 
sweeping field of ±100G is superimposed on a central field of 2560G. 
Microwave power is set at 5mW. The measuring temperature ranges from 
about 110 to 400°K. The sample thickness ranges from a few tenth to a 
few microns. The samples are cut in the size of 2. 5cmx3nun. To measure 
the g-value, one of the six resonance lines of the marker (MgO) with g 
= 1 . 9 8 1 has been used as a standard. The ESR signal is measured in the 
form of first derivative. Thus the linewidth is specified by the peak 
to peak magnetic field separation AH^ p of the signal. To obtain the 
spin density N of the sample, both the signal of the sample and that 
of a carbon standard with known number of spin centers are recorded. 
The area under the true resonance signal is then obtained by performing 
double integration of the collected data. Base line of each signal is 
approximated by a straight line. The total number of spin centers can 
then be obtained from the ratio of the integrated areas. 
C. Results: 
C.l Boron Films: 
The ESR signals of all our boron films have a g-value of 2.003 
which is independent of substrate temperature T^ and measuring 
temperature T. This value is consistent with that of crystalline boron 
(Gewinner,G. et al. 1973). 
The results of spin density N^ as function of measuring 
temperature T is shown in Fig.10.1. For example at 200°K, N increases 
s 
18 3 
from 3x10 cm" for 300°C T sample to about for 460°C T 
s s 
sample. However, N^ is only slightly increased when T is increased 
s 
231 
over 460°C. Considering the 300°C T sample, N is almost independent 
s s 
of T. However, the temperature dependence of N for higher T samples 
s s 
is stronger. For sample deposited at 800°C, N decreases from 
s 
19 -3 19 -3 
8x10 cm to about 2.6x10 cm when measuring temperature increases 
from 110。K to 390。K. 
The behaviour of AH^ p strongly depends on T^ (Fig. 10.2) . At 
200°K, AH decreases from 34G for 300°C T sample to about 23G for 
p -p s 
T^ sample. For 300°C T^ sample, AH^ pis almost independent of the 
measuring temperature T. For 340°C sample, AH^ p decreases gradually 
when T increases from 110 to 340°K, and then drops suddenly for T 
beyond 340°K. of higher T^ samples drops faster with increasing 
T. For 800°C sample, AH drops continuously from 28 to 4G when T 
P-P 
increases from 110 to 390°C. It should be noted that the temperature 
dependence of both AH and N varies strongly for samples deposited 
P ~ P s 
at T^ between 300 and 460°C, while such dependence changes slightly 
when T is further increased, 
s 
C.2 Boron-Silicon Films deposited at 300°C: 
The g-value of boron-silicon films deposited at T^=300°C depends 
on the silicon doping level. This is shown in Fig.10.12. g-value 
increases continuously from 2.003 to 2.007 when [B^H^]/[SiH^] decreases 
0 2 
from 5x10 to 1x10 (measured at 120°K). 
The results of spin density N^ are shown in Fig.10.3. When 
[ 〒 6 ] / [ 5 〜 d e c r e a s e s from 5x10^ to IxlO"^, N measured at 200。K s 
increases from about to about 1.SxlO^^cm"^ and reaches a 
maximum (Fig.10.4). When [B2H^]/[SiH^] further decreases to IxlO"^, N 
at 200°K decreases again to about 1.OSxlO^^cm"^. One interesting result 
is that the N^ curve for the film with [B^H^ ]/[SiH^]»5xlO"^ drops 
232 
suddenly at temperature higher than about 340°K. 
The temperature dependence of AH^ ^ of the boron-silicon samples 
deposited at 300°C is shown in Fig.10.5. For samples deposited at 
[B2Hg]/[SiH^]=5xlO^ to 5xlO"^, at 200。K is rather large (over 
30G) and almost remains unchanged with [B^H^]/[SiH,]. When 
Z 6 4 
_ 2 
[B2H6]/[SiH4] is decreased to IxlO" ’ AH^ p at 200°K drops drastically 
to about 14G. For films of [B^H^]/[SiH^] = 5xlO"^ and IxlO"^, the 
linewidth is broadened at high temperature region. This broadening 
coincides with the decrease of N at high temperature region as shown 
in Fig.10.3. This correlation is further confirmed by the results of 
samples deposited at higher substrate temperature, in which case both 
the line broadening and N decrease are more pronounced. 
s 
C.3 Boron-Silicon Films deposited at 460 and 620°C: 
As shown in Fig.10.12, for 460°C T samples, g-value increases 
continuously from 2.003 to 2.011 when boron concentration in the films 
decreases from lOOat.% (460°C boron film) to 17.6at.% 
一 3 
([〒6]/[511^4]=5父10_ ), while for 620。C T samples, g-value increases 
from 2.003 to 2.009 when boron concentration decreases from lOOat.% 
(620。C boron film) to 42.Sat.% ([B^H^J/fSiH^J^SxlO"^). 
The results of N^ for 460°C samples are shown in Fig.10.6. N at 
s 
200。K increases from about t。 4xlol9cm-3 when boron 
concentration decreases from lOOat.% (boron film deposited at 460°C) to 
71.1at% ([B2H^]/[SiH^]=5xlO"S as shown in Fig.10.7. When silicon 
concentration further decreases, N^ at 200。K drops rapidly and reaches 
18 一 3 
about 6x10 cm" for the sample with 17.6at.% boron 
([B2H6]/[SiHJ=5xlO- ). In Fig.10.6, N curve of the sample of 71.1at.% 
boron ([B2H^]/[SiH^J=5xlO"^) starts to turn down when temperature is 
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higher than about 300°K, while those corresponding to lower boron 
concentration drop more steeply with increasing temperature. For sample 
o 
with the lowest boron concentration (17.6at.%, [B_H.]/[SiH,]=5xlO" ) in 
2 6 4 
1 9 - 3 18 3 
this series, N drops from 4x10 cm to about 1.5x10 cm" when 
s 
temperature is increased from 120 to 240°K. 
Results of N of the 620°C T boron-silicon films are shown in 
s s 
Fig.10.9. As shown in Fig.10.10, N at 200。K increases from about 
•5 
19 -3 19 -3 
3x10 cm to 8. 5x10 cm and reaches a maximum when boron 
concentration decreases from lOOat.% (620°C boron film) to 77at.% 
([B2Hg]/[SiH^]=5xlO 丄）.When boron concentration is further reduced to 
42.5at.% ( [〒 6 ] / [ 5〜 = 5父 1 0 - 2 ) , n^ at 200°C drops rapidly to about 
19 -3 
1x10 cm . In Fig.10.9, N curve of the sample of 77at.% boron 
([〒6]/[31\]=5父10 1) starts to drop when temperature is higher than 
300°K. The curve corresponding to the sample with lower boron 
concentration (42.5at.%, [B^H^]/[SiH^]=5xlO'^) drops more rapidly with 
increasing temperature. N of this sample drops from to 
18 -3 
about 2x10 cm when temperature increases from 120 to 240°K. 
Results of AHp-p of 460 and 620°C samples are shown in Fig.10.8 
and 10.11 respectively. Each curve of AH of all our samples 
P-P 
including boron films can be roughly divided into two regions. Region I 
dominates at lower temperature and AHp_p decreases with increasing 
temperature. As an extreme case, the whole curve of AH of a boron 
P-P 
films belongs to region I. When silicon incorporation is increased, 
region I becomes less temperature dependent. Region II dominates at 
higher temperature and increases with increasing temperature. 
When silicon concentration increases, this broadening is strongly 
enhanced and the onset of region II shifts to lower temperature. 
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D. Discussion: 
D.l Boron Films: 
The g-value of our boron films (2.003) is close to that observed 
in crystalline boron and is independent of the substrate temperature 
between 300 and 800°C. It is generally believed that the ESR signal 
originates from trapped charge carriers (Gewinner et al. 1973) . From 
the results of thermoelectric power of 460 and 620°C boron films, the 
sign of the Seebeck coefficient is positive. This shows that the ESR 
signal may be attributed to trapped holes. 
AH at 200°K drops from 34 to 23G when T increases from 300 to 
P ~ P s 
460Oc， and then almost remains unchanged for films deposited at higher 
Tg• We suggest that there are two mechanisms causing this narrowing. 
The first mechanism is due to the incorporated hydrogen in boron 
films. From IR experiment (Chapter 6 )， i t is found that the hydrogen 
content is higher for films deposited at lower T • As a result, it can 
be expected that the H atoms within the film can alter the local 
environment of the spin centers and thus broaden the spectrum of 
g-value. This broad spectrum of g-value results in the broad linewidth 
of ESR signals of boron films deposited at lower T . It is found that 
s 
(see Chapter 6) the hydrogen content in our films is reduced 
drastically when T^ is increased from 300 to 460。C, and the influence 
of hydrogen in the films becomes smaller. Accordingly, the spectrum of 
g-value becomes narrower and the linewidth of ESR signal is reduced. 
For higher T^, hydrogen content in boron films becomes negligible. Thus 
cannot be narrowed very much with rising T . 
s 
The second mechanism is motional narrowing. First of all, let us 
consider the expression of the hopping mobility (see Chapter 9)： 
2 3 5 
"hop = /^。exp(-W(E)/kT), (9.7) 
2 
where /z。==(l/6)i/^^eR /kT, W(E) is the energy needed for a hop for a 
charge carrier at energy E, u^^ is the phonon frequency of about 
13 -1 
10 s and R is the distance covered in one hop. u, is sensitive to 
hop 
the variation of W(E). According to Mott (1977), for electron 
conduction, if the localization is weak, and if E^ lies at an interval 
AE from conduction mobility edge E , then W can be written as: 
c 
W = {2mAE/fi〒”z N(E), (10.1) 
where N(E) is the density of states at E. From optical absorption 
spectra of boron films (Table 8.1), the optical gap E is reduced with 
s 
increasing T such that the energy interval between Fermi level and the 
o 
valence mobility edge is decreased. This leads to a decrease in W(E). 
At the same time, N(E) , the DOS of the valence tail seems to increase 
with rising T^. This is more of less reflected by the increase of A 
(Table 8.1). Again, this causes W(E) to decrease. Both these effects 
can increase the mobility of charge carriers according to equation 
(9.7). As a result, the environmental variation felt by the moving 
charge carriers between the localized states may average out more 
substantially due to the increase of hopping frequency. AH is thus 
P-P 
reduced. 
As shown in Fig.10.2, of each boron film deposited at T^ 
higher than 300°C can be narrowed by raising the measuring temperature. 
We can also explain this effect by the mechanism of motional narrowing. 
It is because when measuring temperature T is raised,〜。戸 in equation 
2 3 6 
(9.7) is increased accordingly. Again, motional narrowing occurs. This 
causes the curves of AH of films with T higher than 300°C to drop 
P-P s 5 ^ 
with increasing temperature. 
D.2 Boron-Silicon Films: 
g-value of boron-silicon films of 50.7 and 17.Sat.% boron 
(T=460°C), and of 42.5at.% boron (T =620°C) lies between 2.009 and 
s s 
2.011. Similar g-value has been observed on boron doped a-Si prepared 
by glow discharge method measured at low temperature as shown in 
Fig.10.13 (Dersch et al. 1981(a)). This signal is attributed to trapped 
holes in the valence band tail. Therefore, we can assume that the ESR 
signal of our samples also originates from the same source. Actually, 
from the result of electrical experiments (see Chapter 9) , we found 
that the hopping of hole dominates the transport properties of 
boron-silicon films. 
g-values of glow discharge boron doped a-Si films decreases with 
increasing temperature (Fig.10.13). Dersch et al. explained this result 
by assuming a linear g-value distribution in an exponential valence 
band tail. When temperature is changed, the distribution of the charge 
carriers in the tail states is changed. This causes a shift in g-value. 
However, g-value of all our samples is independent of temperature. So 
the above model cannot be applied to our case. From optical absorption, 
we found that an impurity band above E^ is observed after incorporation 
of silicon into boron, and the band becomes more pronounced with 
increasing silicon concentration. This is reflected by the increase of 
G with increasing silicon concentration as shown in Table 8.2 and 8.3. 
In the model suggested by Dersch et al., the distribution of holes in 
an exponential tail should be quite sensitive to the change of 
237 
temperature. However, if the holes are trapped in the impurity band in 
our case, due to the large number of states available, g-value would be 
expected to be less temperature dependent. This provides a possible 
explanation of the difference of the temperature dependence of g-value 
between glow discharge a-Si films and our boron-silicon films. 
In Fig. 10.3, 10.6 and 10.9, the spin density of boron-silicon 
films of higher silicon concentration drops with increasing 
temperature. At the same time, AH^ p is broadened (Fig.10.5, 10.8 and 
10.11). Similar results have also been observed by Dersch et al. on 
glow discharge boron doped a-Si films(1981(a)). For the glow discharge 
film deposited at gas phase ratio [B^H^]/[SiH^] = 2xlO'^, the strength 
of the ESR signal normalized with respect to that measured at 100°K is 
shown in Fig. 10.14 (denoted by 口 ）. Uhen temperature is higher than 
300°K, N starts to decreased. At the same time, AH increases as s p-p 
shown in Fig.10.15 (also denoted by d ). This indicates that the 
decrease of N^ is closely related to the broadening of AH^ at higher 
temperature. 
One intuitive explanation of the rapid drop of N of our high 
s 
silicon samples at higher temperature region is described as follows. 
When temperature is low, the charge carriers (holes in this case) are 
"condensed" into some gap states which will become spin centers when 
they are occupied. One example is the substitutional dopant (boron 
atoms bonded with silicon atoms by sp hybridized orbitals). When T is 
raised, the carriers leave these centers and are excited into the 
extended states. This causes a decrease of N and a broadening of AH 
s b p-p 
at the same time. However, from the electrical conductivity and 
thermoelectric power measurements (see Chapter 9), there is no 
corresponding observable sudden change of transport mechanism. 
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Therefore, this explanation is not possible. 
As mentioned in section C.3, the curve of temperature dependence 
AHp p can be separated into two regions (Overhof 1982): 
AH (T) = AH° (T) + 5H (T) (10.2) 
P-P P-P P-P , 
where AH° (T) is almost independent on temperature while 5H is 
P-P p-p 
broadened with increasing temperature. Empirically, the last term can 
be related to the dc conductivity by: 
5Hp_p(T) = C [a(T)]n , (10.3) 
where n is a number smaller than 1. The possible sources of the first 
term are the unresolved hyperfine interactions, dipolar interactions, 
and g-factor anisotropy (Movaghar et al. 1977) . This value can be 
affected by motional and exchange effect. Actually, this term has been 
used to explain the temperature dependence of linewidth of our boron 
films. The second term is attributed to the lifetime broadening of 
while the lifetime is influenced by the spin-lattice 
interaction. Before obtaining further conclusion, more detailed 
analys is and. experiments are necessary. 
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Chapter 11 Conclusion 
A. Structure: 
A method of composition analysis by using energy dispersive x-ray 
spectroscopy (EDX) equipped with an x-ray detector with a Be-window has 
been developed for binary compound in which only one component of its 
constituents can be detected. By using this method, boron concentration 
Cg of our boron-silicon films deposited at 460 and 620°C is found to 
range from 9 to 92at.%. 
X-ray diffraction experiment shows that all our boron films are 
amorphous. By comparision of the x-ray diffraction patterns of our 
boron films with the reported results on amorphous boron, we conclude 
that our boron films are formed by B^^ icosahedral skeleton. Further 
comparision with those of a-R and /3-R boron, we suggest that the 
network of boron icosahedron in amorphous boron films is closer to that 
of a-R boron. When silicon is added into boron, the film structure 
changes to that of SiB^ at first and finally becomes the random network 
of a-Si. One exception is the sample deposited at 620°C with x - 0.91, 
which has already been crystallized. 
IR absorption spectra of boron films contain two classes of 
absorption bands. The first class includes the hydrogen-related 
absorption bands which are strong for boron films deposited at low T 
s • 
This means that these films contain a conspicuous amount of hydrogen. 
The strength of these bands is reduced by increasing T and finally 
diminished when T^ > 460。C indicating that the hydrogen contain is 
negligible in these films. The second class of absorption band reflects 
the vibrational modes of B^^ icosahedral clusters. This again confirm 
the existance of B^^ icosahedra in boron films. B Si films deposited 
丄-x x 
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at 300°C with low silicon concentration also contain considerable 
amount of hydrogen. The effect of raising T is to reduce the hydrogen 
content. Incorporation of silicon into the films can also reduce the 
hydrogen content. This is different from the result on silicon-boron 
films deposited by glow discharge method indicating that the deposition 
mechanism of these two methods are quite different. The large 
difference in the incorporation efficiency of silicon in the films 
prepared by these two methods further confirms this argument. Another 
important result is that all the IR absorption spectra obtained contain 
the vibrational modes corresponding to that of B^^ icosahedral cluster, 
except those crystallized samples deposited at 620°C and 
- 2 
[〒6]/[51\]：^5父10 which are not transparent to IR. This band is 
attributed to come from icosahedral clusters modulated by silicon 
atoms. The strength of this absorption band is reduced with increasing 
silicon content. It is suggested that the presence of these icosahedral 
clusters comes from the specific deposition mechanism of thermal CVD 
method. 
Observation of surface morphology indicates that 800°C boron films 
tends to form heaps and the surface is rough. The film surface is 
smoothened by lowering T^. Incorporation of silicon into boron for 
460。C samples also can smoother! the surface. But for 620°C samples, 
films with higher silicon concentration become rough again due to 
crystallization. 
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B. Mechanical Properties: 
The Vickers hardness number (VHN) of the films were measured. 
Boron films deposited at T^ below 460°C are relatively soft. VHN 
increases with increasing T^ due to reduction of hydrogen content, and 
2 
finally reaches 3600 Kgf mm" when T =620°C. On the other hand, VHN of 
s 
the films decreases with increasing silicon incorporation. 
C. Optical Absorption and Density of States: 
DOS of boron films is supposed to come from extended states and 
exponential tail states. Results of deconvolution of absorption spectra 
show that optical gap E decreases from about 1.3 to 0.8eV when T 
S s 
increases from 300 to 460°C and almost remains unchanged for higher T • 
s 
Furthermore, the width of the tail states decreases with increasing T . 
s 
For 300°C films, E decreases monotonically from about 
O 
1.4eV to 0.9eV when [B^U^]/[SiU^] decreases from 5x10。 to IxlO'^. For 
460 and 620。C films, when silicon content is increased, E 
decreases at first and reaches a minimum of about 0.8eV at x around 0.2 
to 0.3, and then increases again to about leV when x is about 0.8 to 
0.9. At the same time, optical absorption is enhanced at lower hi/ 
region when x is increased. Result of deconvolution of absorption 
spectra shows that additional sub-gap states are introduced by 
incorporation of silicon into boron. One possible source of these 
sub-gap states is due to the presence of icosahedral clusters. 
Absorption of glow discharge silicon-boron films reported by Tsai 
(1979) does not show this enhancement at lower temperature region 
indicating that the gap state distribution is different from LPCVD 
films. This may be caused by the different deposition mechanism of 
these two methods. 
2 5 6 
D. Electrical Properties: 
Thermoelectric power measurement shows that hole conduction 
dominates in our samples. Both the results of electrical conductivity o 
and thermoelectric power indicate that hopping conduction is 
significant for all our samples. Comparing E obtained from optical 
s 
absorption experiment with the activation energy E of a, it can be 
concluded that the Fermi level is shifted towards valence mobility edge 
monotonically with increasing silicon content in B, Si films 
1-x X • 
Results of electron spin resonance (ESR) experiment show that 
g_value of all our boron films is 2.003 and the signals are supposed to 
come from trapped holes. The broad linewidth AH of 300°C boron film 
p - p 
(about: 34G) is supposed to come from a broad g-value spectrum due to 
the large hydrogen content in the film. When T is increased AH is 
s , p-p 
narrowed within the whole measuring temperature range. This is 
explained by the reduction of hydrogen content and the mechanism of 
motional narrowing due to the increase of mobility of trapped holes. 
For boron films deposited at higher T , AH is narrowed with 
s p-p 
increasing measuring temperature. This is also explained by the 
mechanism of motional narrowing. 
For films, g-value increases with increasing silicon 
concentration. The ESR signal is attributed to come from trapped holes 
distributed closer to the valence band. When silicon content is 
increased, spin density N^ drops at high measuring temperature range 
concomitant with the broadening of AH^ This tendency is enhanced 
with increasing silicon content. These effects are expected to come 
from the mechanism of spin-lattice relaxation. 
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